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SUGGESTED METHODS AND STANDARDS FOR TESTING AND
VERIFICATION OF ELECTROMAGNETIC BURIED OBJECT DETECTORS

William L. Gans, Richard G. Geyer, and Wilfred K. Klemperer
National Institute of Standards and Technology
Boulder, Colorado 80303

This is an interim report to sponsor on work performed by NIST
| personnel from January 1, 1985, to September 30, 1988. A brief
overview of the theory of the electromagnetic properties of soils
is presented, followed by an equally brief review of existing
technologies for the detection of buried objects using
electromagnetics. Suggested methods are then presented for
realizing adequate target and soil standards and for testing
procedures for buried object detectors that use these standards.
Suggested instrumentation methodologies for verifying
(calibrating) the target and soil standards are also presented
along with an appendix containing reprints of selected relevant
papers and an extensive bibliography.

Key words: buried object; conductivity; electromagnetic
detection; mine; mine detector; permeability; permittivity,; remote
sensing.

1. TINTRODUCTION

The purpose of this interim report is to provide documentation to U.S.
Army Belvoir Research, Development and Engineering Center personnel describing
the work performed by the National Institute of Standards and Technology under
contract. This introduction summarizes the original work statement and
contains a very brief description of the contents of the remaining chapters of

this report.

Original Work Statement

The original work statement defining the tasks to be performed over
approximately a four year period by NIST for the U.S. Army Belvoir Research,

Development and Engineering Center is outlined below.
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Phase I.
1. Create a joint National Acadery of Sciences-NIST-U.S. Army review pancl to

review, annually, the work performed by NIST.

Review information provided by the Army pertaining to past and present

mine detection systems, measurement methods, and standards, as necessury.

3. Provide the Army a suggested selection of standard test targets and soil

backgrounds.

4. Provide the Army a preliminary set of definitions, parameters to be

controlled, and standard test conditions.

5. Investigate the possibility of developing a performance effectiveness

measure for mine detectors.

Phase II.
1. Recommend a final set of standard test targets.
2. Recommend a final set of standard test soils.

3. Recommend a set of measurement methods to ensure replication of test

conditions.

4. Formulate (if possible) a definitive set of effectiveness measures.
Phase III.
]. Specify a measurement system to ensure standard test conditions.

2. Provide an error estimate for the measurement process.

Phase 1IV.

1. Provide initial guidance, training, and technology transfer.

What follows is a brief description of the contents of the remaining

chapters of this report.
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Chapter II contains a comprehensive review of the existing theory of the

interaction of electromagnetic fields and materials relevant to soils and mine

detection.,

Chapter III contains selected information relative to NIST's review of
present technology. Of particular interest is a brief review of Dr. David

Hill’s significant theoretical contributions to this project.

Chapter IV contains the results of NIST's studies and work on target
standards and Chapter V contains the results of NIST's studies and work on

soil standards.

Chapter VI contains the results of NIST's studies and work on test
instrumentation and procedures required for calibrating standard soils and

targets.

Chapter VII contains the results of NIST's studies and work on objective

measures of detector performance, both detector-based and target-based.

Chapter VIII, finally, contains NIST's recommendations for future work

necessary to complete this project.

Along with the references cited at the end of each chapter, there are a
complete bibliography after Chapter VIII and a number of technical appendices.
Also, the draft reports of work performed by Dr. Richard Geyer, under separate

covers, are part of NIST's overall interim report to tne Army.
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II. ELECTROMAGNETIC CHARACTERISTICS OF RELEVANT MATERIALS

A. Physical Concepts Governing Electromagnetic Behavior

Any material is electromagnetically characterized by its permittivity, €,
in farads/meter (F/m), magnetic permeability, u, in henries/meter (H/m), and
electrical conductivity, o, in siemenses/meter (S/m). Maxwell'’s equations,
together with the constitutive equations relating field quantities in terms of
material properties, completely govern electromagnetic wave propagation and
behavior in that medium. Therefore, the use of electromagnetic energy to
detect buried objects must involve detecting differences between the object
and the surrounding medium in one or more of the above quantities.

The constitutive equations for a linear, homogeneous, and isotropic

medium may be expressed in the frequency domain as

B = pH,
- =
J = o0E , (2.1)
- -
and D = €F,

where B is the magnetic flux density (webers/meter? or Wb/m?) relatcid to the
magnetic field intensity, H (amperes/meter or A/m), by the magnetic permea-
bility; 7 is the current density (amperes/meter? or A/m’) related to the
electric field intensity, (volts/meter or V/m), by the conductivity; and B is
the electric flux density, (coulombs/meter? or C/m?’) related to the electric
field by the permittivity. Any deviation from linearity is usually included
by making €, pu, or o field dependent. For anisotropic media, €, u, and/or o
become 3 x 3 tensor matrices as opposed to constants or scalar functions of
frequency.

The solution of Maxwell's equations yields all of the quantities that
describe the propagation of electromagnetic waves in terms of the propagation

constant, k, where

K = wu(we - jo) . (2.2)
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In general, the constituent electrical properties may be written as

complex quantities; that is,

€ - €' - je" ,
o = o'+ jo" , (2.3)

and U - ﬂl . jl‘"

The imaginary part of the propagation constant contains all necessary
information about energy loss in a material medium during wave propagation.
If, for the moment, magnetic propertics are ignored, we may consider only the

complex forms of € and o in eq. (2.2):

w(€’ - JE") - j(o' + jo") = (0" + w€') - j(o' + we") . (2.4)

Here (w€' + 0") may be considered an effective permittivity and (o' + we") as
an effective conductivity. The (o' + jo") physically represents carrier
transport due to Ohmic and Faradaic diffusion mechanisms, whereas the

(€' - je") represents dielectric relaxation mechanisms. The loss tangent is

defined from eq. (2.4) as

1l

o'+ we" (2.5)

- n
tan § tan (Y + 2) ot e’

where ¥ is the phase angle between E and J. If there are no dielectric

losses, €" = 0. Similarly, if there are no Faradaic diffusion losses, ¢" = 0,
Hence,
- 9.
tan § rak (2.6)

which describes physically the Ohmic losses.
What follows in this chapter is a detailed discussion of the dielectric

and magnetic properties of those materials relevant to this project.
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B. Dielectric Polarization Mechanisms

We can describe the dielectric properties of a material by the complex
dielectric constant, € = €' - j€", where €' contains all the information about
energy storage and €" contains all of the information about cnergy loss (both
Ohmic and dielectric losses) in the material during wave propagation. The
relative dielectric constant, or relative permittivity, of a soil is the
permittivity of the soil normalized with respect to the permittivity of a
vacuum, 60.

The quantity €' is a measure of the amount of polarization in the
material. There can be a number of different polarizing mechanisms present;
each has a characteristic relaxation frequency and an associated dielectric
dispersion centered around this relaxation frequency. Figure 2.1 illustrates
the dispersions of dielectric constant and conductivity that are observed in
materials in the frequency range of 10%® to 10" Hz. At the highest frequen-
cies, the polarizing species in a material are the electrons. Electronic
polarization occurs when an applied electric field causes a net displacement
of the electron cloud of an atom with respect to its nucleus. At frequencies
below about 10" Hz, there is also a contribution from atomic polarization.
Atomic polarization occurs in structures (molecules or solutions, for example)
in which atoms do not share electrons equally and electric fields displace the
electron clouds preferentially towards the stronger binding atoms. It also
occurs when charged atoms are displaced with respect to each other. Dipolar
polarization, that is, the orientation of polar molecules (molecules with
asymmetric charge distributions), occurs at frequencies below about 10" Hz
(2.1].

At frequencies below about 10° Hz, various types of charge polarizations
occur which may be collectively referred to as Maxwell-Wagner mechanisms
[{2.2, 2.3]. One of these, interfacial (space-charge) polarization, occurs
when migrating charge carriers are trapped or impeded in their motion by local
chemical or electric potentials, causing local accummulations of charge and a
macroscopic field distortion. Another low-frequency mechanism that can occur
in soils is due to mixtures of materials that have differing electrical
properties (such as conducting spheres embedded in a dielectric). Several

different equations are available to describe the resultant properties
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[2.4, 2.5] for various geometries of the embedded conluctor: conducting
spheres or rods in a dielectric, alternating layers of dielectrics and
conductors, for example. The common cause of these effects is the distri-
butions of charge chat occur at conductor-dielectric boundaries and the
resultant action under applied electric fields which can yield very large,
low-frequency dielectric constants. This mechanism, when we use synthetic
soils whose conductivities are controlled by embedded conductors, is very
important to examine and to relate to dispersion phenomena normally confronted
in natural soil environments. This is true particularly when performance
testing of broadband land mine detection systems is done and a relative
detector figure of merit is estimated (broadband in this case means that the
bandwidth extends into frequencies less than 1 MHz).

Still another dispersion mechanism for dielectric behavior at low
frequencies, which is often distinguished from Maxwell-Wagner effects, is that
which occurs in colloidal suspensions. Maxwell-Wagner effects are based on
the assumption that the charge around conducting particles in a dielectric
medium is a thin coating which is much smaller than the particle dimensions
[2.5] and that the charge responds to an applied electric field independently
of the charge on nearby particles. In colloidal suspensions, on the other
hand, the charge layer is on the same order of thickness as or larger than the
particle dimensions; hence it is affected by the charge distributions of
adjacent particles. The theory of dispersion phenomena in colloidal suspen-
sions is presently a fertile area of research. Dukhin [2.5] has shown that
colloidal responses result in far higher low-frequency dielectric constants
than those resulting from typical Maxwell-Wagner mechanisms, with dielectric
constants on the order of 10° not uncommon. This could be an important
phenomenon that spectrally increases the visibility of buried plastic land

mines when broadband system performance is considered.

C. Dielectric Relaxation

Polarization processes occurring in material media as a result of
electromagnetic wave propagation are physically damped by relaxation. This
relaxation is analogous to a critically damped or overdamped oscillator. In

the relaxation process, maximum energy is dissipated at a preferred relaxation
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frequency, or resonance (which is the reciprocal of the relaxation time
constant), with no dissipation at either zero or infinite frequency.
Relaxation processes are the only ones observed in the natural soil environ-
ment at microwave frequencies and below. Thus, it would be useful to consider
some relaxation models (cited in subsequent comments on soil specifications
for broadband systems). The following relaxation models are based on the

general equation of charge motion

q + (po)' g+ (pe)'q = 0, (2.7)

where q is the charge and - represents differentiation with respect to time.
All derivatives are with respect to time. An important current research area
is considering diffusion of charged ions whose concentration is spatially
variable. For this case, spatial derivatives must be taken in determining
diffusion relaxation and this leads to generalized distributed impedances and

nonlinear behavior [2.6].

Cl. Debye Relaxation

Debye relaxation occurs in materials that have single relaxation time
constants. The complex relative dielectric permittivity in a Debye material

is given by {2.7, 2.8]

) (€, - €.)/€ €. - € . (€, - € )wT
€' - €n = € S [¢.9] 00 4 1 = € + S [o.9] - S [o.9] , 2'8
] oo | 1 + jwr : ot Tyt 3T 1 o (2.8)

where €, is the measured relative dielectric permittivity at dc (€dc = eseo), €,

is the relative dielectric permittivity at infinite frequency (€infinite =
€.,€,), T is the time constant of relaxation and €, is the free space or vacuum

permittivity (8.854 x 1072 F/m).

C2. Generalized Relaxation Distributions

Wyllie [2.9] has given an expression for material media in which multiple

relaxations or distributions of relaxations are found. Such behavior is more
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typical of soils at frequencies below 1 MHz than Debye behavior, and the

complex relative dielectric permittivity may be written

D(T)(L - jur)

, 2.9
1 + w?7? ( )

oo
E' - jE" = €_+ (e, - € ) [
(]

[o.¢] [~

where D(T) is the time constant distribution function normalized so that

oo}

f D(r)y ar - 1

A commonly observed simple relaxation distribution in soils is the
Cole-Cole distribution [2.10]. In the Cole-Cole distribution, (2.9) reduces
to

€. - €
€' - je" = € + — S © 2.10)
J *® 1+ (Juwr)™" (

where O S m < 1. The m = O case corresponds to a Debye material that has

a single relaxation. The m = 1 case corresponds to an infinitely broad,
continuous distribution (one that has no relaxation). Usually 1l - m = ¢ <
0.25 for water-saturated soils, and the exact power-law exponential frequency
behavior is critically dependent on water saturation, as discussed later in
this report. (c is a constant defined in the next section and related to m as
above.) This would necessitate methods for keeping c constant (as a function
of frequency) in natural (or synthetic water saturated) soils when testing of

land mine detectors is performed.

C3. Non-Debye Behavior of Rocks and Soils

Examples of studies showing the non-Debye behavior of rocks and soils are
given by Saint-Amant and Strangway [2.11], Alvarez [2.12], Olhoeft et al.
[2.13], Pelton et al. [2.14], Knight [2.15], and Lockner and Byerlee [2.16].
Observed deviations from Debye behavior have led to modifications of the Debye

equation [2.12]), including the Cole-Cole expression (eq. (2.10)) and the
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corresponding Cole-Cole equivalent circuit [2.10}. The significant feature of
the Cole-Cole circuit is the inclusion of a constant phase circuit element to
model a distribution of relaxation times. The Cole-Cole expression has been
found useful in fitting data from lunar soil samples [2.13], and an expression
for the complex impedance of a material (as ineasured in the series mode) that
contains a term analogous to the constant phase element in Cole-Cole [2.10]
has been used in modeling the impedance of mineralized rocks [2.14, 2.17].

In adaition to the Cole-Cole expression, there are three other empirical
relations commonly used to describe a non-Debye response. These are the Cole-
Davidson [2.18], the combined Cole-Cole, and the Williams-Watts [2.19)]
expressions. A characteristic feature of all these empirical relations,
besides being based on eq. (2.7), is that at frequencies away from the
relaxation frequency they reduce to expressions showing a pover-law dependence
on frequency for both €’ and €". This common characteristic led Jonscher
{2.20, 2.21] to define this power-law dependence as the "universal dielectric
response,” that is,

€' (w) = Kw®, (2.11)

where K and ¢ are constants that depend on the sample material and texture.

D. Dielectric Properties of Pure Water

Usually, natural soils contain water so the way in which dielectric
constants combine is important in determining the bulk, or effective,
dielectric constant of the soil at hand. The bulk dielectric constant of any
soil (whether natural or synthetic) determines the electromagnetic visibility
of buried land mines and, therefore, intrinsically affects the performance of
any detection system. Before discussion of water saturation of heterogeneous
soil mixtures, it is necessary to review fundamental dielectric behavior of
pure and saline water.

The frequency dependence of the complex dielectric constant of pure
water, €, is well known and is given by the Debye equation [2.1, 2.7],

€

- €
€ = € + WO Woo i
W(w) woo 1 + ijw ’ (2 12)
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where

€., = high frequency (or optical) limit of €, 6 (dimensionless),
€, = dc dielectric constant of € (dimensionless),

T, = relaxation time of pure water (seconds), and

w = frequency (radians/second).

Equation (2.12) may be simply written
€, = €,- je, = €. (1 - jtans)) , (2.13)

w

where tané, = €)/€. is the loss tangent of water.

Rationalization of eq. (2.12) yields

€ - €

€, (w) = ewm+ﬁ—(—w—1‘”:)25 (2.14)
and
ern(w) = 2w (o~ €uoo) (2.15)
1+ (wr)?

The magnitude of the high frequency dielectric constant, Iewwl, has been
determined by Lane and Saxton [2.22] to be
€, ~ 4.9 (2.16)

w

and is practically temperature independent. The relaxation frequency of pure
water, £, = 1/(277.), occurs in the microwave region and is temperature depen-
dent. At 0°C, f, =~ 9 GHz and at 20°C, f = 17 GHz. Equation (2.15) shows
that €} has its maximum value at w = 27f . A plot of the frequency variation
of €, and €}, for pure water at 25°C is shown in figure 2.2 [2.4]. A Cole-Cole
plot of €} vs €. with f as a variable parameter, is shown in figure 2.3 for
pure water at T = 0°C. This plot is a semicircle with end points defined by

€, = €, in the low-frequency limit and by €,6 = €, in the high-frequency
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limit. The point on the circle at which €} is maximum occurs at the
relaxation frequency, f = fw, whose coordinates are simply given by
= (e

€ + €.,)/2 and € = (€, - €, )/2

'
W w0

The dc dielectric constant of nonconductive water, € is a function of

wo’
temperature. Klein and Swift [2.24] have generated a regression fit for

QQ(T) from dielectric measurements conducted between 1 GHz and 3 CHz

€o(T) = €,(T) = 88.045 - 0.4147 T + 0.6295 x 1072 T2, (2.17)

where T is in °C, and the loss term, €., 1s zero.

E. Dielectric Properties of Saline Water

Although the dielectric properties of pure water and ice obey the Debye
relaxation equations and are fairly well understood, ionic salts dissolved in
water produce an electrolytic solution whose microwave dielectric properties
way differ greatly from those of pure water. The salinity, S, of = =oulution
is defined as the total mass of solid salt in grams dissolved in @ . of
solution. Thus, S is normally expressed in parts per thousand by mass.
Little will be said about broadband dielectric characterization of

clectrolytic solutions, except that the real and imaginary parts of the

dielectric constant of a saline water solution are given by [2.23, 2.25]

€ - €

€' = € + _—swo " “swoo 2.18
Sw Swoo 1 + (wTsw)z ( )
and
€ 9T 5w €swo = €swoo) + 2 (2.19%9)
sw 1+ (wrg)? €,w

where the subscript sw refers to saline water and o, is the ionic conductivity
of the aqueous solution in S/m. The form of the complex permittivity for
saline water differs from that of pure water only in the loss term, €., where

the added term, o,/w€,, results from the ionic conductivity of the aqueous
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solution is present. The ionic conductivity of saline water has a marked
effect on the loss factor €, below 10 GHz. Therefore, high soil salinitics
will probably significantly affect the dielectric properties of wet soil.
Jedlicka [2.26] notes, few measurements and analyses have been reported
relating soil salinity to effective soil dielectric constant. Consequently,
the dependence of permittivity on soil salinity is not well understood. Ve do
know, however, that the salinity of (free) pore water within a soil matrix
depends directly on the cation exchange capacity of the matrix material. Thig
fact should provide a direct relationship between soil type, amount of
volumetric moisture present, and effective soil complex permittivity. Further
work will enhance understanding between these physical soil parameters an
measured electromagnetic properties.

Stogryn [2.27] points out that there is no evidence to indicate that ¢,

A

depends on salinity; hence, we are safe to assume that €, =€ _ = 4.9 ¢
also empirically determines the dependence of permittivity on both the

temperature and salinity of saline water by writing €. as a factorable

0
product, €, (T,5) = €.,.o(T)F(S). Polynomial fits to this relation have been
obtained [2.24, 2.28] on measurements performed by Ho and Hall [2.29] and Ho,
et al. [2.30] for 4 < S < 35 parts per thousand to obtain the following
functional (non-multiplicative) dependence of the dielectric constant of water

with respect to salinity,

€.,.(T,S) = €.,.(T) - 0.1556 - 0.413 x 107° S (2.20)

+1.58 x 10°® s?

and

€1,.(T,S) = €, tans,, = 5.66+ 2.65x 10§ - 4.5 x 10° 7.  (2.21)

Equations (2.17), (2.20) and (2.21) will be used in subsequent development
relating effective dielectric constant measurements (real part, €', and loss
tangent, tan§) of a lossy fluid-saturated soil mixture to the in-situ fluid
dielectric properties, as well as to the water-filled porosity of the soil
mixture.

Several figures are included here to illustrate the relationship between

the addition of salts to pure water and the dielectric properties of the
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resulting solution. Figure 2.4 [2.31] is a plot of dc diclectric constant,

€ ., versus solution concentration for three different salts. Figure 2.5

"2.311 is a plot of normalized relaxation time for a NaCl solution versusy sult
concentration at 25°C.  Figure 2.6 [2.31] is a plot of the depression (chanpe)
of diclectric constant and relaxation time for a NaCl solution versus salt
concentration at 0°C, 20°C and 40°C. These figures show that the prescnce of
salt(s) in water (and thus in damp or wet soils) can drastically change thc

medium’s dielectric constant.

F. Heterogeneous Soil Mixtures

By definition, natural soils are mixtures of host matrix mineral(s), air,

el water.  Generally, the real part of the effective relative dielectrice
wtant, €l¢, of the mixture rarely exceeds 8 in the microwave region -- ax

‘v as there is no liquid water in the mixture. Similarly, the imaginary

vart, €', usually does not exceed 1 in the absence of liquid water. By wav

u!f comparison. we see from figure 2.1 that € of liquid water is one order of
macnitude larger than the relative permittivity of dry materials, whercas €
iz two orders of magnitude larger than that of dry matevrials, particularly at
‘roquencies less than 2 GHz. Because of the large contrast between (complex)
€ ot the pore water and that of the host matrix in soils, the dielcecuric
constant of the mixture is generally dominated by the dielectric behavior of
witer. For this reason, many investigators [2.22, 2.27, 2.32, 2.33) have
generalized the Debye formulas given by eqs. (2.14) and (2.15) to mixtures in

the following way,

(€etf o = €eff.oo)
+ : : , 2.22
Eff,m 1 + (wTeff)z ( )

€err = €

(eeff.o ) €eff,oo)

e T (2.23)
€ € 1 + (cu‘reff)2

where €.¢¢ o, € and Tofs are functions of the Ajelectric constant of the

eff, o0
matrii mineral(s), the water saturation, Sw, fraction in the pore space of the
matrix, and the shape and orientation of the water inclusions. The dielectric

constants of the matrix minerals are presumed to be nondispersive (frequency
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independent or lossless) as well as iandependent of the applied dirceui o \
(polarization) of the incident electric field. However, caution must be
exercised in the use of eqs. (2.22) and (2.23) for soil mixtures over a lLroad
range in frequency, since multiple relaxation phenomena not taken into account
by the Debye rules can occur [2.1].
An example of a typical power-law variation of the dielectric constant as
a function of water saturation for a consolidaced sandstone is shown in
tfigure 2.7 (recalling eq. 2.11). As the level of saturation decreases from
full saturation, the power-law exponent, ¢, increases until at some critical
saturation point (usually Sw = 0.2 for critical saturation) it drops rapidly
to near zero. Most surface sands would probably fall below critical
saturation, whereas most clay soils might fall in the region above critical
saturation.
Typical behavior of €' as a function of both water saturation and
frequency is shown in figure 2.8. The observed dependence of €' on Sw shows
that €' increases rapidly up to a critical water saturation, whereupon it
increases more gradually and linearly with increasing saturation. For a
completely dry soil and one which is only a single-component system, €’ goes
to some threshold value independent of frequency. For a water saturation
above critical saturation, €' not only changes less with increasing frequency,
but also has a lower value, almost by a factor of 4, from 50 kHz to 1 MHz.
The significance of this observation is that mine detectors operating at
differing frequencies are likely to be observing different contrasts in
complex permittivity as long as water saturation (or equivalent metallic
concentration in a synthetic soil) stays above critical with a greater
dielectric contrast skewed toward lower detection frequencies.
Thus, there may be valid reasons to operate in this low frequency range
for enhancing dielectric visibility contrast, even at the expense of spatial
target resolution. The purpose of drawing attention to these phenomena is
(1) to better compare detection systems that have different operating
frequencies (whether fixed or broadband) in terms of the actual electrical
contrast, €, - €}, seen between the host soil environment and buried land
mine; and (2) to allow the removal of a variable nonlinear power-law frequency

dependence of the soil's electrical properties in the case of water saturated
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soils by keeping water saturation above the critical point for differing
target size and burial depth parameters.

In summary, the functional dependence of ¢ on water saturaticn in a
porous medium is typified by figures 2.7 and 2.8. The actual power-law
cxponent observed depends on the texture (miciugeometry) of the soil and

resultant pore surface water or pore surface arza-to-volume ratio.

G. Magnetic Susceptibility

Magnetic susceptibility is a fundamental physical property of a materia!
wedium. The degree to which a body is magnetized wher placed in an external

magnezic field is given by
— — )
M = xH (2.24)

where M is the magnetization in amperes per meter, H is the applied external
magnetic field intensity in amperes per meter and x, is the magnetic susccp-
tibility (dimensionless) relating the applied field to the intensity of
magnetization. We will use the International System of Units (SI) here.

For a magnetically linear, isotropic substance, the constitutive equation
relating the magnetic flux density within a substance tc the external magnetic

[ield H due to magnetization is simply expressed by the vector equation,
— - -
B = p, (L + x)H = uH (2.25)

where p  is the permeability in vacuum (47 x 107 H/m) and X, is the
dimensionless magnetic susceptibility defined in eq. (2.24).

The magnetic susceptibility of soils depends on the component magnetic
minerals derived from chemical and mechanical breakdown of bedrock. Magnetic
minerals of importance are few, and those most commonly encountered are the
iron and titanium oxides which form several solid solution series in rocks
(figure 2.9). Depending on the fractional composition of any solid solution
series, the susceptibility may vary widely (figure 2.10). In addition to
specific chemical composition, the susceptibility depends on grain size and
the intensity of the magnetizing field. Thus, considerable variation in the

susceptibility of rocks (and scils) can occur.
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I!I. REVIEW AND ANALYSIS OF EXISTING BURIED OBJECT DETECTOR TECHNOLOGY

Dotectors

I

Electromagnetic fields which oscillate in the kilohertz range cause eddy

currents to flow in metallic objects. For metallic objects which are particu-

larly goud conductors, the currents are confined very closely to the object's
surface.  The "skin depth,"” §, is related to the conductivity, the permeca-
bilit,, «al the frequency by,

§ = 1//mEuo , (3.1)

wheve, f = frequency in hertz
4 = magnetic permeability in henries/meter
o = conductivity in siemens/meter

The magnitude of the eddy current decreases exponentially with distance
£ ~uilace of the conductor. The physical meaning of skin depth is the
distance at which the currents have decreased to a value 1/e of what they are
at the surface.

Al. low frequency metal detectors or treasure finders rely on the
detection of eddy currents in metallic objects. The eddy currents are excited
when an ac current in the search head coil generates time-varying magnetic
ficlds in and above the ground. As eddy currents then flow in the buried
metallic object(s), a small secondary magnetic flux (due to the eddy currents)
iz produced. This additional flux generates an additional signal voltage in
the <earch coil which lags the detector-generated flux by 90 degrees. The
recultant voltage in the sesrch coil is, accordingly, shifted in magnitude and
phasc by an amount which depends on the conductivity of the buried object.
Many of the treasure finders now -~ iable use this effect to discriminate
between worthless aluminum or iron scraps and more valuable copper or silver

coling.
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It is customary to analyze the reactions of search heads (or eddy current
test coils) with targets by means of normalized impedance diagrams on the
complex plane. Figure 3.1 shows such a plot, with the reactance (X) on the
y-axis and the resistance (R) on the x-axis. Both X and R have been normal-
ized by the factor 2mfL,, the reactance of the search coil in air, in the
absence of other metallic objects. For an excitation field frequency of
20 kHz, the impedance locus shows progressive changes in amplitude and phase
as the conductivity of the target material is varied.

More than a dozen different metal detectors are manufactured in this
country and at least an equal number of distinct types are available overseas,
Different manufacturers exhibit considerable variety in their choice of
features, operating modes, and detection sensitivity for metal detectors. The
Army’'s Ft. Belvoir Research and Development Center lent us four AN/PSS-1l's
(standard detectors for metallic mines) for the duration of this project. The
AN/PSS-11 is a hand-held metal detector with a unique search head geometry.

A large coil around the periphery of the search head is the transmitting coil.
Four smaller coils are arranged within and on the same plane as this trans-
mitting coil. They are connected (in phase quadrature) to the receiving
apparatus. The transmitting and receiving patterns for the search head are
shown in fig. 3.2.

In addition to the four AN/PSS-1l‘'s, the Army also lent us a number of
commercial treasure finders which had been tested previously at Ft. Belvior.
We also acquired a German "search instrument” for locating metal objects
hidden in the ground. This model is capable of locating nonmagnetic as well
as magnetic objects. Unlike most metal detectors and treasure finders, this
instrument uses a single coil for the excitation as well as the detection of
eddy currents. It is similar to the manual, hand-held screening instruments
used in airports to search for weapons. A voltage-to-frequency converter
arrangement is employed to produce a frequency variation in the audio output,
rather than a change in the loudness. A small change in audio frequency is

easier to detect by ear than is a small change in audio signal strength.
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B. Nonmetallic Object Detectors

Unlike the situation with the metal detectors (where several different
types were available for study), only one type of plastic object detector was
obtainable. We were lent three complete nonmetallic mine detector sets
(standard AN/PRS-7's) for investigation and experimentation. This mine
detection set has a planar four-layer search head fabricated by printed
circuit techniques. The AN/PRS-7 has a transmitting antenna array which is
composed of two capacitively end-loaded dipoles fed in opposing phase. The
symmetrical arrangement produces a null in the radiation pattern in both the
downward and upward direction. The metal tubing of the supporting stalk for
the search head is located in this null plane, as is the receiving dipole. As
long as the symmetry of this mechanical and electronic arrangement is care-
fully maintained (in particular, the feed arrangements for the various dipoles
must be properly balanced), the receiver will respond to targets which are
asymmecric with respect to the null plane. The receiver will not respond to a
homogeneous or horizontally stratified earth. Objects which are electro-
magnetically dissimilar to the background material (either in conductivity or
dielectric constant or both) can be detected as the search head passes over
them. The receiver system amplifies and detects the RF signal, producing an
audible loudness variation in a 1 kHz tone in response to these changes,

As with the AN/PSS-11 metal detector, considerable care must be taken in
the manufacture of these devices to ensure that the required balance arrange-
ments are maintained. Other approaches to the detection of plastic objects

are described in the literature [3.1, 3.2].

C. Broadband (Pulsed) Systems

The AN/PRS-7 and the multi-frequency version of the AN/PRS-7, known as
the AN/PRS-8, are CW systems -- that is, they d» not operate as pulsed radars.
We have consulted the literature on pulsed systems for the detection of buried
objects. Earlier work on the subject is described in reports from MIT [3.3]
and Ohio State University [3.4). The former system was known as "GEODAR" and
was mainly an effort to facilitate the detection of underground tunnels. A
commercial version of the Ohio State University ElectroScience Laboratory'’s

system was manufactured and sold commercially [3.5]. More recently, there are
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references to work in Japan [3.6, 3.7] which demonstrate that some advantage
can be gained by using a computer to enhance the detectability (on a color
display) of target signals in the presence of background clutter and other
noise. Less well publicized work by Dolph at SRI International [3.8] and by
Alongi [3.9]) is also applicable to the mine detection problem.

The advantage of most pulsed systems is that they gather information
about the surface and subsurface regions over a broad range of frequencies.
Indeed, the bandwidth of the echoes (if any) from the subsurface is generally
limited by the transparency of the ground at UHF and microwave frequencies
rather than by limitations of the transmitter and receiver equipment. This is
because it avoids having to make any adjustments to the equipment. All of the
information which could possibly be obtained by EM methods is made available
pulse by pulse. On the other hand, the transparency of the ground for all but
the most benign, very dry conditions severly limits the useable frequency
range. This sets limits on the range resolution of the system, on the degree
to which reflections from the air-ground interface can be suppressed, and on
the detectability of targets. For a system operating over a frequency range
from near dc to 1 GHz, the range resolution is no better than 15 c¢m. If the
frequency range is further restricted to 500 MHz after the EM waves penetrate
20 cm of damp soil (a two-way path of 40 cm), the range resolution is no
better than 30 zm. In particular, target signatures for mines which are
buried very close to the surface cannot then be separated from the transmitter
"main bang" or from the surface clutter signal. Likewise, target signatures
attributed to targets buried some distance below the surface can no longer be
separated from the clutter signal due to voids and other irregularities in the

ground.

D. NIST Theoretical Work in Support of Buried Object Detector Evaluations

We thought that we needed a suitable theoretical framework to describe
the transmitting and receiving characteristics of mine detectors as well as
the interaction of radiowaves with buried objects. Dr. David Hill of NIST
devised a particularly lucid theoretical model for the problem. His approach

involves taking the Fourier transform of the distribution of complex electric
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or magnetic field amplitude and then redefining the problem in terms of an
angular spectrum of plane waves.

A description of radiowave fields in terms of their plane wave spectra is
often advantageous, particularly for problems with planar geometry such as
ours. An angular spectrum of plane waves may have only a few discrete
spectral components or, more generally, it may be composed of a very large
number of components or even a continuous distribution of waves. Each member
(or any infinitesimal component) of the angular spectrum travels in the
direction given by its propagation vector. Each of these components behaves
exactly as an ordinary plane wave.

The more interesting and difficult problems that arise when a subsurface
target is illuminated by an antenna above ground are conveniently described by
the plane wave scattering matrix formalism of Kerns [3.10]. The plane wave
spectral components radiated by the source antenna are reflected and refracted
at the air-earth interface, and total fields above or below ground are
calculated as integrals of these plane wave spectra. Specific sources such as
a single plane wave or an electric or magnetic dipole are simply special cases
of the general theory. The buried target is described by its plane wave
scattering matrix, and the scattered plane waves are again reflected and
refracted at the interface. All of the various interactions (the antenna
interactions at the air-ground boundary, the target returns partially
scattered and partially transmitted through the air-ground boundary, for
example) are treated in a wholly self-consistent formulation, yet certain
pieces of the problem can be extracted and studied separately. For example,
the subsurface fields excited by an antenna over a lossy earth can be computed
independently of the target. The actual plane wave transmission spectrum and
scattering matrix are known for some simple antennas and targets. For more
complicated cases, the scattering matrix formalism is still useful in showing
what quantities are important and how they can be measured. Numerical results
obtained by G. S. Smith [3.11], K. K. Mei [3.12], and others can be readily
incorporated within this general theoretical framework.

A paper by Hill and Cavcey [3.13] (see Appendix III.A) showed how to
derive expressions for che coupling between two anteﬁnas separated by an

idealized, flat interface (the air-ground interface). This work extends the
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generalized plane wave scattering formulation pioneered by Kerns to deal with
the more interesting and difficult problems which arise when a subsurface
target is illuminated by an antenna located above ground.

In a second paper [3.14] (see Appendix III.B), Hill showed how to use the
Born approximation to describe EM scattering by buried objects of low dielec-
tric contrast. Analytic expressions were obtained for three special shapes:
(1) a sphere, (2) a cylinder, and (3) a rectangular box. Numerical results
were given for the scattered near field and for the scattered far field, given
plane wave illumination.

Hill also used the plane wave scattering matrix theory [3.15] (see
Appendix II1.C) to compute the far field E-field intensity in air and in the
earth excited by oppositely-directed, transmitting antennas in the AN/PRS-7
mine detector. In pursuing this problem, a simple but general result was
obtained for the front-to-back ratio of horizontal, linear antennas of
arbitrary configuration located at the air-earth interface: Front-to-back
ratio is proportional to Ierl% , where € 1is the relative complex dielectric
constant of the earth,.

A good definition for the front-to-back ratio is the ratio of the far
field E-field intensity in the earth to the far field E-field intensity in air
in the two directions normal to the air-earth interface. This ratio is
greater than 1 because of the focusing of the refracted fields in the earth
and the partial cancellation of the fields in air. This simple formula can be
derived from the plane wave scattering matrix theory or from reciprocity, and
it is consistent with numerical results of G. S. Smith [3.11]. For elevated
antennas, focusing in the earth still occurs, but the cancellation of the
fields in air is less effective. For heights of about a quarter wavelength
(the worst height), the front-to-back ratio is about 1, and this is also
consistent with Smith's numerical results.

For angles away from the vertical, the enhancement in earth still occurs,
but the magnitude of the enhancement depends on the specific antenna.
Numerical results for the AN/PRS-7 transmitting antenna show a large
enhancement in the earth even though the antenna produces a null in the

vertical direction. The same relative enhancement (of the fields in the
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earth) occurs when computing the near field of antennas above and below the
air-earth interface.

In Hill's final paper on near field detection of buried dielectric
objects {3.16] (see Appendix III.D), the plane wave scattering matrix theory
.a5 used to generate sweep cuwrves fur several diifereat conditions with the
AN/PRS-7 detector passed over a buried dielectric target. The search head for

this mine detector is modeled as two oppositely directed transmitting dipoles

and a single receiving dipole. The ratio of the received voltage, V., to the
transmitter current, Io, can be written as a product of matrices,

Vf‘ < Tt Tt 3

— —_ ’

1 - Sm T12 S22 T21 S10' (3.2)

The right side of eq. (3.2) has a simple physical interpretation. §,
represents transmission from the detector into air, Tﬂ represents transmis-
sion from air into the earth, S}, represents scattering from the buried

object, T,, represents transmission from the earth into air, and S,, represents

12
reception at the detector. Various aspects of the overall detection problem
(radiation, transmission, scattering, and reception) are treated in this
paper. To our knowledge, this is the first time that the full plane wave
scattering matrix theory has been used in near field calculations. The main
results are sweep curves for various parameters (detector height, target
depth, and horizontal target offset). All curves have a null directly

overhead, a single peak on either side, and a smooth decay. A typical curve

is shown in fig. 3.3.

E. NIST Tests, Instrumentation, and Procedures for Metal Detectors

Whenever possible, we performed unit testing of subsystems before
testing of complete detector systems. For metal detectors and treasure
finders, this meant starting with the search coil assembly and determining
(from the pin-outs of the cable connector) the electrical characteristics of
the transmitting as well as the receiving coils. An ordinary ohmmeter
sufficed to check for continuity and the dc resistance of the coil windings.

We used an ac impedance bridge to determine R, L, and C for the individual
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coils. Shorted turns, coil balance, and so on were checked with a grid-dip
meter or with a vector voltmeter and a search head known to be properly
assembled. The search head was then connected to a laboratory version of the
detector electronics. We call this our "brass board set-up." A schematic is
shown in fig. 3.4. This equipment is capable of operating at any frequency in
the range from 20 Hz to 20 kHz. If testing at higher or lower frequencies
became necessary, a different power amplifier for the appropriate frequercy
band would be required.

The brass board detector is a broadband, linear system which can select
(with the phase sensitive lock-in amplifier) any narrow-band signal for
reception and plotting. This detector performs as well as or better than
detectors provided with the mine detectors or treasure finders themselves. 1In
particular, it is free of drift, it measures the phase of the received signal
as well as the magnitude, and it has a very wide dynamic range. The first of
these features is a convenience. The second feature (phase information) is
used in some advanced metal detector systems to identify nonmagnetic material
(such as stainless steel firing pins) in the presence of magnetic material
(such as iron shrapnel or magnetite sand). Likewise, phase information can be
used to discriminate (with the proper electronics) between aluminum alloy
targets and copper coins. The last feature (wide dynamic range) means that
adjustments for sensitivity, ground-balance, and so on are not required. Some
disadvantages of this detector are that it weighs over 80 kg, operates over a
very restricted temperature range (in an air-conditioned laboratory), and
requires an extension cord to the ac mains. However, it should be possible to
build small, portable units to similar or better performance specifications
using modern manufacturing techniques.

With the search head mounted on a trolley or other positioning device,
we obtained sweep curves using the brass board electronics. From these
curves, we may judge the performance of a metal detector under controlled
(repeatable) conditions. After preliminary tests of the search head with the
brass board electronics system, we replaced it with the original battery-
powered mine detector electronics package. Then we plotted sweep curves (with
the complete system adjusted and ground-balanced exactly as suggested by the

manufacturer) for a series of cylindrical copper test targets of progressively

3-8




smaller sizes. The testing terminated when test targets below a certain size
could no longer be reliably detected. For these tests, the headphone output
signal was run to a square-law detector and filtered with a 0.2 5 time
constant. We also found that it was useful to measure the sound pressure
levels at the headphones. We referred the sound pressure level in dB with
respect to a standard 2 x 10° N/m? rms pressure level at a frequency of 1 kHz.
This O dB level is approximately the hearing threshold for young adults who
have not attended very many rock concerts. We have demonstrated that very
sensitive equipment can be employed to graphically display sweep curves at and
below O dB. Perhaps some means could be devised to do likewise under field
conditions.

Last, we estimated the dynamic range of the equipment by examining the
detectability of large targets and targets in the presence of other distur-
bances (clutter). We also graded equipment on the basis of its ability to
resolve small, closely spaced targets.

The detection of buried objects by electromagnetic means is difficult --
even when attenuation is not a limiting factor. Weak signals scattered by
buried objects are typically well hidden in clutter. Clutter signals are the
unwanted signals or noise which shows up as scattering from terrain surface
features and from subsurface inhomogeneities. Certain poorly designed
detectors are easily confused by radiation from other directions than the
ground (nearby trees or vehicles, for example). Increases in transmitter
power yield an improved signal-to-noise ratio for systems which are limited by
receiver noise, natural noises (atmospheric or cosmic), or man-made inter-
ference. However, signal-to-clutter ratios are unaffected by such measures.

The clutter rejection capability of a given detector system is extremely
difficult to estimate under field conditions. Clutter exhibits considerable
variability. It is not a statistically well behaved signal. It shows up as a
randomly phased signal which varies with the terrain and with the (invisible)
features below the surface. To a certain extent, the clutter signal is also

significantly influenced by the particular search pattern being used.
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F. NIST Tests, Instrumentation, and Procedures for Nonmetallic Object
Detectors

As with the metal detectors, we investigated the behavior of the search
head alone before judging the performance of the complete system. For the
AN/PRS-7 and similar detectors, this was difficult because parts of the
transmitter as well as the receiver are built into the search head. Ve
obtained a search head from which all of the electronic circuitry as well as
the shielding tabs had been removed. We installed wide-band baluns at both
the transmitting and the receiving antenna terminals and found that this head
had a lower SWR at 432 MHz than at 380 MHz (the frequency at vhich its
transmitter was expected to operate). A block diagram of the equipment used
in these experiments is shown in fig. 3.5.

This brass board detector, unlike the unmodified AN/PRS-7, is a linear
system. With the brass board, we can make stable, repeatable measurements
weeks or even months apart. The 432 MHz transmitter is an ordinary signal
generator cf good spectral purity. The carrier frequency is 80% amplitude
modulated by a 700 Hz sine wave to ensure that there is negligible clipping or
distertion. A portion of the 700 Hz modulating signal is routed to the
reference port of the lock-in amplifier. The receiver is a 400 MHz to 450 MHz
broadband amplifier followed by a square-law detector. The lock-in amplifier
is used to extract the weak 700 Hz component. The amplifier uses both the in-
phase and the quadrature signal and forms the vector sum to yield an output
directly proportional to the magnitude of the 700 Hz signal. This signal is
fed to a measurement system. The final output is power in decibels vs. target
displacement (see fig. 3.6). Comparison of this measured curve with the
theoretically derived curve in fig. 3.3 indicates an excellent qualitative

agreement.
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Normalized impedance for a search coil encircling cylindrical
targets of different nonmagnetic materials (reactance, X,
versus resistance, R).
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Figure 3.2 Transmit and receive search head antenna patterns for the AN/PSS-11.

ransmitted by PSS-11 . |

{ 28 . .at ln :
€ 85} AR
é .....

£ se

a 75
%

- 970

¢

s

' 65

. ‘i‘a .....

<

0 35

S

g 1"

45 SR

& 6o 120 180 240 300 360
Angle of Rotation, deg

[ 1 T

0° (30 360
?55"11) Receiver Fallem

3-14




0.100 ]

0.075 -

(@)

o 0.050

¥

0.1
£

”~ ~
/ \
/ 0.2 \\

—-—’, - I \

0.025 [—

0 I NN
03 —02 —01 0 01 02 03

Figure 3.3 Theoretical sweep curves for the AN/PRS-7 for various detector
heights, h. {(3/Ax = 0.126)

3-15




BLOCK DIAGRAM of the BRASSBOARD AN/PSS-11
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Figure 3.4 Block diagram for the AN/PSS-11 brassboard detector.
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BLOCK DIAGRAM of the BRASSBOARD AN/PRS-7
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Block diagram for the AN/PRS-7 brassboard detector.
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Figure 3.6 Experimental sweep curve for the AN/PRS-7.

Target: nylon sphere (in free space).
Frequency: 432 MHz.
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IV. TARGET STANDARDS

A. Introduction

"Standard" targets should have certain desirable characteristics -- such
as stability over time, reproducibility, and ease of fabrication. Unfortu-
nately, some approaches to standardization involve particularly high costs;
this tends to limit the use of good standards to a few well equipped

laboratories. We distinguish two classes of standards:

1) standards based on some well established theory or on known,
immutable physical properties, and

2) artifact standards which are reproducible and stable but for
which a good theoretical model does not yet exist.

An example of the first class of standard is the voltage standard based
on the ac Josephson effect. An example of the second class of standard is the
standard Weston cadmium cell., The electromotive force produced by a Josephson
junction irradiated at micrcwave frequencies can be precisely predicted from
the theory of quantum electrodynamics (QED). A Weston cell yields an EMF of
1.01186 v, depending somewhat on its age and how it was made.

Where possible, we specify that testing of mine detectors be carried out
with metallic and nonmetallic targets fabricated from pure or well analyzed
materials. We also suggest that targets have simple cylindrical or spherical
shapes. When, for purposes of realistic modeli1 other target shapes and
components must be used, at least the primary standards should be cylindrical
or (preferably) spherical. Good theoretical models for the scattering of
electromagnetic waves are available for these simple shapes. Also, the
detection of spherical targets is not sensitive to target orientation.
Furthermore, we suggest that the primary standard targets be molded or
machined of single component materials without voids or simulated firing
mechanisms. This can aid in further reducing the number of variables.
Oxidation, water adsorption, and any surface or dimensional changes of the

targets should be carefully monitored or entirely avoided if possible.
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B. Metallic Standards

Testing metal detectors has traditionally involved checking whether they
can succeed in finding an ordinary U.S. one-cent coin buried in various soils.
This nicely illustrates one of the pitfalls of using artifact standards. The
Government started minting copper-clad zinc pennies in October 1982. The
weight of the coin decreased from approximately 3.1 g to approximately 2.55 g.
To our knowledge, the copper alloy used is chosen on the basis of its dura-
bility -- its conductivity is not controlled. For careful work, avoid using
ordinary coins as standard targets.

Objective testing of metal detectors can best be carried out with a set
of known, repeatable metallic targets. Low frequency metal detectors transmit
in the kilohertz range and sense eddy currents induced in buried metallic
objects. The magnitude of these eddy currents varies as the -1/2 power of the
conductivity of the target material and is directly proportional to target
volume for simple shapes such as cylinders or spheres. It is important, when
describing how these targets are made or copied, to specify the conductivity
of the material. Certain materials, such as brass or aluminum alloys, exhibit
very different conductivities depending on their composition and heat treat-
ment. Highly purified elemental metals, especially those with the highest
conductivity, show very little variation in conductivity from lot to lot. A
further advantage is that their conductivity varies only slightly with changes
in room temperature so this effect can be neglected when testing metal
detectors, Accordingly, suitable standard test objects should have high
conductivity. 1In increasing order of conductivity, this means gold, copper,
or silver. We chose copper since it is the least expensive. “Five nines"
purity electro-refined copper is readily available. The American Society
of Metallurgists (ASM) of Metals Park, Ohio, lists the properties of various
grades of wrought copper on page 248 of the 1981 edition of the Metals
Handbook. Oxygen-free, electro-refined copper has & conductivity of
5.977 x 1077 S/m at 20°C. The conductivity varies with temperature according

to the formula:

o = (5.977 x 107)/{1 + aT) S/m,
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where a = 0.0068,

and T = the positive or negative offset in °C
from the reference temperature of 20°C.

The coefficient a for the change in resistivity with temperature is
sufficiently small that corrections for the detectibility of copper targets at
elevated temperatures (as in direct sunlight) are probably unnecessary.

Copper corrodes easily. We spray our copper test objects with a thin
coating of spray laquer. If considerable wear and handling is likely to take
place, a hard chromium plating over a nickel plating would be appropriate for
these targets.

A set of seven copper cylindrical test objects were provided to the
Countermine Technology Division at Ft. Belvoir in July 1986. The weights and

other specifications are given in Table 4.1.

TABLE 4.1
Copper Test Objects

Material: Copper, electro-refined, 99.999% pure
Shape:  Right-circular cylinders, diameter is twice the height

Density: 896 g/cm’

Weight (g) Diameter (mm) Height (mm)

6.58 3.29

2 8.28 4.14
10.44 522

8 13.15 6.58

32 20.87 10.44

128 33.14 16.57
512 52.60 26.30

The smaller objects are suitable for calibrating the response of metal

detectors (those operating at frequencies in the kilohertz range) to objects
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as small as firing pins. The other objects in this set were provided to test
the response of low-frequency metal detectors to significantly larger amounts
of metal. Large metal objects (such as unexploded ordnance) must often be
located using mine detectors optimized for very small metal objects. Test
procedures are discussed in section VII of this report. Eddy currents die out
slowly for the case of the large copper targets. Tests of target detecti-
bility with the 32 g and larger cylinders should be performed with due regard
for the long time constants involved (on the order of one-half second or
more).

In addition to the copper cylinders, which we consider the primary
targets for testing purposes, we have fabricated a small set of stainless-
steel pins. We consider the pins to be secondary standards, useful for
simulating the properties of firing pins in mines. Because of the difficulty
of specifying the composition of stainless steel, results using these objects
may show greater variability than those using the copper cylinders. The pins
should, however, prove useful in tests of the detectors for pliastic mines
where the orientation of such pins may be important. Specifications for the

pins are given in Table 4.2.

TABLE 4.2
Stainless Steel Test Objects

Material: Type 304 stainless steel
Shape:  Cylindrical pins or narrow rods

Density: Approximately 7.9 g/cm’

Weight (g) Diameter (mm) Height (mm)
1.56 3.175 254
0.39 1.5875 254
0.096 0.7938 254
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All American Iron and Steel Institute (AISI) type 300 series steels are
chromium-nickel austenitic steels in grades having up to 30% chromium and up

to 20% nickel. Type 304 contains the following percentages:

0 18.00 to 20.00
Ni .ol 8.00 to 12.00
C i 0.08 (max)

Mo ............... 2.00 (max)

Si ... 1.00 (max)

The composition range is based on ladel analysis for standard AISI Type 304

as of 1959. It is not a specification. It is a classification which has been
agreed upon and used by producers in the United States for grades which have
attained an arbitrary annual minimum tonnage [4.1]. We do not recommend

304 stainless steel for the standard targets, although it is useful for
secondary standards and for estimating the performance of mine detectors in

locating objects such as firing pins.

C. Nonmetallic Standacd:

We fabricated some Teflon and nylon spheres as calibration targets for
nonmetallic mine detectors and delivered these in July 1986. The weights and

diameters for these objects are listed in Table 4.3, below.

Teflon and nylon were chosen for these reasons:

(1) nylon and Teflon are relatively impervious to moisture as well as to
common alkaline, acidic, or salt components likely to be found in

ordinary soils,

(2) these materials are readily available commercially in shapes and sizes

suitable for further machining, and

(3) their dielectric constants (2.1 and 3.0) nicely bracket known values for

many common explosives.
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TABLE 43
Spherical Plastic Test Objects
Material: Nylon Material: Teflon
Shape: Spherical Shape: Spherical
Density: 1.15 g/cm? Density: 22 g/cm’
Dielectric Constant: 3.0 Dielectric Constant: 2.1
Weight (g) Diameter (mm) Weight (g) Diameter (mm)
36.0 390 68.4 39.0
720 49.2 136.8 49.2
144.0 62.0 273.6 62.0
288.0 78.2 547.2 78.2
576.0 98.5 1094.4 98.5

We decided to systematically vary the parameter of target volume rather
than target weight, specifying five different sizes in each of the two
materials. The volumes increase by a factor of 2 for each step up in size.

Discussions about test procedures for plastic mine detectors has focussed
on two additional points: (1) the need forlstill larger test objects, and
(2) whether the shape of the test objects could be made to conform more
closely to that of known, real mines. We think that, at least for detect-
ability threshold tests, small spheres are most likely to give the best, most
repeatable results. Spherical targets do not require careful alignment with
the surface of the ground -- only the depth matters. Spherical targets have a
well defined radar cross section which does not depend on target orientation.
They are also preferred on theoretical grounds, since the EM scattering cross
section is well known even when the illuminating wavelength is much smaller
than the diameter of the sphere [4.2]. We might wish to compare experimental
data on the angular dependence of the scattered field with theory. Of course,
nylon and especially Teflon are expensive plastics to use for very large test
objects. The third theoretical paper by Hill (Appendix III.C of this report)

outlines a method for calculating the scattering cross section for buried
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spheres, cylinders, and rectangular parallelopipeds when the dielectric
contrast between the target material and the background medium is low. We
have fabricated both nylon and Teflon cylindrical targets of various sizes for
use as secondary standards. They are similar to the dummy mines of Type I,
class B, sizes 1, 2, and 3 [4.3]. However, they do not have air voids or
replicas of firing mechanisms installed. Quantities delivered and dimensions

for these mine replicas are given in Table 4.4.

TABLE 4.4
Cylindrical Plastic Test Objects

Quantity Diameter Height Material
3 1" Nylon

6" 2 Nylon

2 12 3 Nylon

2 3 1" Teflon

2 6" 2" Teflon

2 12° 3" Teflon

Certain thermoplastic materials would be useful in this respect, perhaps
at least for secondary standards. An advantage of thermoplastic materials is
that they can be cast, rather than machined, and that little additional
finishing would be required. Also, testing the electromagnetic properties of
such materials would be simpler (since wafers and/or coaxial shapes required
for these tests could likewise be obtained without the requirement for any
machining). .

We have identified two thermoplastic materials which we think would make
suitable test objects. One of these is amorphous sulfur with a dielectric
constant of 3.65 and a melting point of 113°C. The other is paraffin with a
dielectric constant of approximately 2.3 and a melting point of 37°C. Sulfur
of adequate purity, uncontaminated with other material of different electro-

magnetic properties, is readily available. A suitably pure paraffin wax, for




which we could be sure that the properties were the same from lot to lot,
would be the organic compound known as eicosane (a saturated, open-chain,
acyclic hydrocarbon with a molecular weight of 282.54). The dielectric

constant for this material is 2.25. Eicosane (99% pure) costs less than

$3N.00 per pound in small quantities.

D. Relationship of Standards to Realistic Targets

D1. Metallic Objects Relationships

For low-frequency treasure finders and metallic mine detectors, the tests
with the cylindrical copper targets are more than adequate to establish
detector sensitivity and other performance requirements. The response of low-
frequency equipment (operating in the kilohertz range) shows little if any
dependence on target orientation even for targets which are highly acicular
(needlelike). The situation is very different for equipment operating at
microwave frequencies, where polarization effects become important. When
testing the ability of plastic object detectors to locate, say, metallic
firing pins, target orientation must be carefully controlled for the resulting
data to be useful and repeatable. 1In particular, the targets listed in
Table 4.2 are likely to exhibit very different radar cross sections when

placed parallel or perpendicular to the E-field of an operating AN/PRS-7.

D2. Nonmetallic Object Relationships

The primary plastic standard targets listed in Table 4.3 were delivered
to Ft. Belvoir in July 1986. The secondary standards listed in Table 4.4 were
delivered in August 1988. The materials from which these targets were
machined were chosen to approximate the range of dielectric permittivities
likely to be encountered in real mines. These targets (perfectly spherical or
perfectly cylindrical) scatter electromagnetic waves in a very predictable
fashion. An analytic solution for spherical objects is well known [4.2, 4.4].
Good approximations are available for the scattered fields from cylindrical
objects {4.5]. The targets we have provided cover the range from anti-tank to
smaller than anti-personnel. However, these standards do not mimic all

features of real mines. Typical mines and mine replicas contain air voids,
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firing mechanisms, pull rings, and other accessories which significantly
modify the radar cross section. The Countermine Technology Division at
Ft. Belvoir has made arrangements for the manufacture of a number of mine-like
targets to address this issue [4.3]. Such targets cannot simultaneously
satisfy two divergent requirements: (a) complete properties of real mines, and
(b) precision in detector performance measurement and test repeatability.
Realistic mine replicas possess radar cross sections which vary with changes
in temperature and baromestric pressure. Their nonuniform filler separates
into layers or even deteriorates over time. Air voids (and light-weight foam
inserts to simulate voids) distort or change shape permanently. Nevertheless,
they are interesting test objects which certainly look like mines; it should
be possible to use them as secondary or tertiary standards so long as their
radar cross sections are frequently compared with those of the primary
standards. We have not yet been given any of these generic mines. We look
forward to comparing them with our standards at somc future date.

The detection of buried, nonmetallic objects is a difficult task [4.6].
As we have seen, their typically low contrast ratio in sandy soil or loam
leads to their becoming nearly invisible to electromagnetic waves. Because of
their small size, carefully made anti-personnel mines (those without air voids

or metal pins) are often completely undetectable with present-day equipment.

E. NIST Recommendations and Conclusions

Accurate testing of treasure finders and mine detectors is notoriously
difficult. When performance tests are carried out, the degree to which
meaningful, repeatable data can be obtained is critically dependent on the
targets being used. At UHF and higher frequencies, target orientation must
also be carefully established unless the targets are spherical. What follows
are NIST's recommendations for target standards that should be used to test

metal detectors and nonmetallic object detectors.

El. Targets for Metal Detector Testing

It is difficult or impossible to obtain consistent results with mine
replicas or coins. The coated pure copper standards that NIST has provided to

the Army should be used as primary standard targets for the testing of
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low-frequency metal detectors; their permeability and conductivity are known
very accurately and their masses and volumes have been carefully controlled.
For more realistic target detection testing, the Type 304 stainless steel
cylinders that have also been provided to the Army should be used. Although
the permeability and conductivity are not known to the accuracy of the copper
standards, they should prove sufficiently accurate and repeatable for all but

the most demanding tests.

E2. Targets for Nonmetallic Qbject Detector Testing

Sets of standard spherical and/or cylindrical nylon and Teflon targets
should be utilized for the most accurate tests of nonmetallic object detec-
tors. Several of these have been provided to the Army by NIST. The spherical
standards should be used whenever errors due to target orientation must be
avoided in the tests. The cylindrical standards, being somewhat more
realistic in shape, should suffice for the majority cf the tests as described
in chapter VII. The principal reason that NIST recommends the use of these
targets for most of the tests is that they are homogeneous, have well known
constituent electromagnetic properties, and, most important for theoretical
modeling purposes, have known scattered electromagnetic field signatures. As
is stated in chapter VII, these standards do not preclude using more realistic
mine replicus as targets for other tests.

For a more robust testing strategy, NIST recommends fabricating targets
using the same rigid-matrix technology as is being proposed for soil stan-
dards. With little additional effort, standard targets can be molded with
known electromagnetic properties that can cover a wide range of values. Thus,
for example, targets for a set of tests to measure permittivity contrast ratio
could be constructed with incrementally varying permittivity. Using the nylon
or Teflon targets, on the other hand, would require varying the permittivity
of the soil standards which would be more difficult and expensive as well as
less realistic. 1In addition, using this technology would allow the fabri-
cation of extremely realistic mine replica targets with such features as air
gaps, inhomogeneities (explosives with a plastic shell, for example), and

firing pins.
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V. SOIL STANDARDS

A. Typical Electromagnetic Properties of Real Soils

Knowledge of the electromagnetic properties of typical real soils is
necessary before it is possible to identify candidate methods for realizing
soil standards. Several cases may be listed and generally characterized in
terms of conductivity and permittivity contrasts as representative of the
differing electrical environments likely to be encountered in either plastic

or metallic mine detection.

Case 1: Dry Beach Sands (Plastic Mine Detection)

One type of host soil environment is that in which either no pore water
or very little pore water (water saturation Sw < 0.01) exists within a
magnetically impermeable, unconsolidated, and electrically resistive soil
grain matrix having low cation exchange capacity. Such a situation exists in
a dry beach sand or dry gravel host medium and probably presents the most
difficult plastic mine detection test environment.

The host soil conductivity, o,, in this case is generally low
(o, < 10 S/m) and the host dielectric constant, €., is low and probably less
than the target (mine) dielectric constant (€ = 2.70 when referenced to dry
sand consisting of clean quartz grains having diameters greater than 0.03 mm
but less than 0.60 mm where the water saturation, Sw, is 0 and the frequency
is 300 MHz). 1If we take a nylon sphere as representative of our plastic mine
target (where the target conductivity, o¢,;, is much less than 107 S/m and the
target dielectric constant, €, remains fixed at 3.00), then €//€{ = 0.90 and

0,/0; = 1.

Case 2: Wet Fresh Water Beach Sands (Plastic Mine Detection)

This situation is characterized by moderately fresh (deionized) pure
water saturation (Sw = 0.14) in a magnetically impermeable, unconsolidated,
and electrically resistive (o0, ¢ 10 S/m) soil grain matrix of low cation

exchange capacity. Due to increased water saturation, the host soil
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dielectric constant at a typical UHF detection frequency of 300 MHz would be
approximately 10, leading to dielectric and conductivity ratios of

€./€; = 3.3 and o0, /0, = 1. Because of the higher permittivity contrast at the
chosen operating frequency, this case probably presents a less difficult

detection test than Case 1.

Case 3: Wet Clay Soils and Wet Marine Beach Sands (Plastic Mine Detection)

The wet clay soil environment is characterized by highly brackish or
saline pore water saturation (Sw > 0.20) in a magnetically impermeable,
unconsolidated, and electrically conductive soil grain matrix of high cation
exchange capacity. In such a case, both the measured host soil conductivity
and host soil dielectric constant at 300 MHz are relatively high (0.1 S/m <
o, < 1S/mand €/ = 20); this leads to significant dielectric and conductivity
ratios where €,/€; = 6.7 and o,/0, >> 1 for a nylon spherical target. Such a
situation is likely to be that most commonly encountered; therefore it is one
which should be simulated in any validation testing.

These electrical properties would also characterize a magnetically
impermeable, unconsolidated, and electrically resistive soil grain matrix of
low cation exchange capacity having highly saline pore waters, such as might
be encountered in wet marine beach sands. All other facters being equal,
target visibility in terms of dielectric contrast is greatest for this case;
but because of the conductive (lossy) nature of the host medium, test target
detection at increasing depths of burial for UHF operating frequencies is

expected to be sharply limited.

Case 4: Magnetically Impermeable Host Soils (Metal Mine Detection)

Because the contrast in conductivity between a metallic mine target in
either an electrically resistive dry beach sand or an electrically conductive
wet clay remains very high (for analysis purposes, infinite), and because most
metal mine detectors operate in the VLF region (affording little attenuation
for expected burial depths) and sense secondary magnetic fields due to induced
eddy currents within the buried mine, two test soils would seem to bracket

those situations commonly encountered in the field. These are a magnetically
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impermeable or magnetically permeable host medium. The magnetically
impermeable host soil may be simulated by quartz sand grains having no
magnetite-ilmenite, which are the common naturally occurring magnetic minerals
(5.1]. Hence, the host soil medium in this case would have a magnetic
permeability, pu,, equal to that of free space, By (4m x 107 H/m). Conductive
losses in the host medium can be controlled either by adding known amounts of

saline pore water or aluminum powder.

Case 5: Magnetically Permeable Host Soils (Metal Mine Detection)

Attenuation rates for a plane electromagnetic wave in a uniform,
magnetically permeable earth are greater than in a uniform, magnetically
impermeable earth -- all other factors being equal. In fact, the plane-wave
skin depth (distance within the earth at which amplitudes of the electric and
magnetic field vectors are equal to l/e = 0.3679 of their respective values at
the surface) of a magnetically permeable host soil decreases by (uruof% where
p,. is the relative permeability and p, is the permeability of free space or
vacuum. The U.S. Army Belvoir Research and Development Center (BRDC) already
has a test lane simulating this case that consists of a silica sand magnetite
mixture (70 percent dry sand, 30 percent magnetite grains, -30 mesh size)
whose relative magnetic permeability was measured and found to be 1.35 [5.1}.
Because not all metallic land mine detectors employ ground signal removal
techniques, a logical test procedure for evaluating differing systems would be
to simulate both Case 4 and 5 in the test lane environment. See Table 5.1,
below, for a list of the magnetic susceptibility of naturally occurring rocks

and minerals.
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Table 5.1

Magnetic Susceptibility of Rocks and Minerals (from Reference [5.2])

Magnetic Minerals

Susceptibility k/4m (SI)

Magnetite Crystals
Magnetite

Ilmenite
Franklinite
Pyrrhotite
Specularite
Chromite

.3 to 24.0
.04 to 2.0
.03 to 0.14
.036

.007 to 0.028
.003 to 0.004
.002

[«NeN oo ol ol

Major Rock Types

Basic Effusive

Basic Plutonics

Granites and Allied Rocks
Gneisses, Schists, and Slated
Sedimetaries

0.001 to 0.004
>0.0001 to <0.004
>0.0001 to <0.001
>0.0001 to <0.001
>0.0001 to <0.001

Specific Rock Types

Igneous Rocks
Basalt
Diabase
Gabbro
Granite
Porphyry

Metamorphic Rocks
Serpentine
Slate
Gneiss
Schist

Sedimentary Rocks
Shale
Clay
Sandstone
Dolomite
Limestone

.00068 to 0.0063
.000078 to 0.0042
.00044 to 0.0041
.00003 to 0.0027
.000022 to 0.0005

eNeNoRe ol

.00025 to 0.014
.000039 to 0.0030
.00001 to 0.0020
.000026 to 0.00024

[eNeNoNel

.00004 to 0.0005
.0002

.000005 to 0.000017
.0000009 to 0.000014
.000004

[eNeNeNeNel

Iron Ores and Minerals

Siderite
Limonite
Hematite
Ankerite

.0001 to 0.003

.0001 to 0.0002
.00004 to 0.0001
.00002 to 0.0001

[eNeNeNo)
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Table 5.1
Magnetic Susceptibility of Rocks and Minerals (from Reference [5.2]) (Cont.)

Typical Sulfide Minerals Susceptibility k/4m (SI)
Arsenopyrite 0.000005 to 0.0002
Chalcopyrite 0.000005 to 0.0002
Chromite 0.000005 to 0.0002
Markasite 0.000005 to 0.0002
Pyrite 0.000005 to 0.0002

Diamagnetic Minerals and Rocks

Anhydrite and Gypsum -0.0000011 to -0.00001

Quartz -0.0000011 to -0.0000012

Sylvite -0.0000009 to -0.0000011

Calclite -0.0000006 to -0.0000010

Rock Salt -0.0000004 to -0.0000013
B. Dielectric Mixing Rules

Soils are mixtures of minerals that are the weathered by-products of
rocks. Usually, natural soils contain some water so the way in which dielec-
tric constants combine is important in determining the bulk, or effective,
dielectric constant of the soil at hand. The bulk dielectric constant of any
soil (whether natural or synthetic) determines the electromagnetic visibility
of buried land mir~s and, therefore, intrinsically affects the performance of
any detection system. Once a range of suitable dielectric background charac-
teristics, relatable to conditions actually encountered in the field, is
accepted, mixing rules provide the easiest and most pragmatic approach to
specification of standard test soils.

Geyer [5.3] has noted that some mixing rules have little broadband
applicability for soils since they are based on systems where little or no
conduction takes place. For example, when one of the components in a compo-
site dielectric is conductive, large (frequency-, temperature-, and salinity-
dependent) polarizations can occur that can be attributed to interfacial
polarizations at the boundaries of the conductive phase. A mixing rule that

does not account for these interfacial polarizations has little broadband
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applicability. Despite the fact that most mixing rules fail in a broadband
sense (since they do not account for all relaxation effects), it is nonethe-
less useful to be able to predict the effective electromagnetic properties of
soils of different lithologies and porosities even over narrower frequency
ranges -- 100 MHz to 2 GHz in this case -- that affect the signal levels
measured by UHF land mine detection systems.

The purpose of a mixing rule is to allow estimation of the dielectric
properties of a soil (either test standard or soil encountered in the field)
when given measurements of that soil’'s physical properties only. Its useful-
ness will be limited by its dependence on adjustable soil- and frequency-
specific parameters. An efficacious mixing rule, then, will provide a
convenient means for predicting a test soil’'s dielectric behavior in microwave
land mine performance testing and in signal level determination. It will also
provide a physically based mixing model that is dependent on measurable soil
parameters and can be used for subsequent development and research.

Generally, all materials can be classified into one of three dielectric
groups. The first of these, to which pure water and ice belong, is homoge-
neous substances. A second group, in which ionic salts are dissolved in
solution (usually water) is electrolytic solutions. The third group, hetero-
geneous mixtures, includes that of wet, lossy soils or multicomponent (lossy
or nonlossy) media of interest here for test soil lanes. The merits of any
chosen background material (standard) for mine test lanes depend not only on
correlation with actual field conditions likely to be encountered but also on
the ease with which its (complex) dielectric properties can be predicted and

controlled for the operational frequency range of interest.

Bl. Function-Theoretic Rules

In general, the average dielectric constant of a heterogeneous mixture
consisting of two or more substances is related to the dielectric constants of
the individual substances, their volume fractions, pheir spatial distribu-
tions, and their orientations relative to the direction of the incident
electric field vector [5.4]. In order to determine the functional dependence
of the average dielectric constant of a mixture to these variables, the

average electric field within the mixture as a whole must be related to the ;
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clectric fields within the inclusions [5.5). The problem is that if the
inclusions are randomly dispersed throughout the host medium, it is not gener-
ally possible to derive an exact solution for the fields within the inclusions
since the mutual electromagnetic interactions of the inclusions are dependent
on their positions with respect to each other. Tinga [5.6] gives a review of
various approximations that have been proposed for solving the interaction
problem. These approximations vary from those that ignore short-range inter-
dctions between inclusions (by restricting the validity of the dielectric
mixing model to only those mixtures characterized by a low concentration of
inclusions) to relations that account for first-order inclusion interactions
by the solution of Maxwell’s equations and appropriate boundary conditions
5.6, 5.7]. In all cases, the dimensions of the inclusions are much smaller
than the propagation wavelength in the host medium. Bottcher (5.8] gives a
comprehensive review of dielectric mixing models that includes both empirical
{or semi-empirical) formulations for specific mixtures as well as theoretical
models developed for highly specialized media that contain either ellipsoidal
particle inclusions (spheres, disks, needles) or confocal ellipsoidal

spheroids.

B2. Generalized Heuristic Rules for Soil Mixtures

Natural soils are mixtures of matrix minerals, air, and water. As noted
in [5.3], water in the pore spaces of surface soils consists of two phases.
Cne of these phases is the bulk (free) pore water. The other is adsorbed
water that is adjacent to the matrix grain surfaces and usually several
molecular layers thick. This adsorbed water is called surface (or bound)
water. The saturation level at which the dielectric constant becomes less
sensitive to water saturation is entirely a function of the amount of surface
water in soil pore spaces; this explains the dependence of the dielectric
constant on soil texture types (particle size and shape distributions) as well
as on the intrinsic porosity of the soil mixture. Of course, the porosity is
simply related to the bulk density, and the degree of conductive loss respon-
sible for electromagnetic wave attenuation is dependent on the salinity of the
pore water which, in turn, depends quite naturally on both the matrix cation

exchange capacity and the soil temperature. The fact that the electrical
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properties of water-saturated soils are frequency dependent is also not
physically surprising since we expect polarization, that is, the orientation
of polar molecules (molecules with asymmetric charge distributions), to occur
in an applied electric field. The mobility of any polar molecule (such as
water) will always depend on the time rate of variation of that field.

Bound water adsorbed to a solid surface has a dielectric response
significantly different from that of free water. This is so because the
molecular mobility of the water molecules has been reduced by physical bonding
to the matrix grain surfaces [5.9, 5.10, 5.11]. Most of the measurement
evidence to date seems to indicate that the restricted mo.ility causes a
reduction of the static dielectric constant of water adsorbed to the surface
from 80 for free water to about 6 for sorped water [5.10] which is greater
than an order-of-magnitude reduction. Furthermore, surface-bound water
exhibits a relaxation frequency of about 10* Hz instead of 100 GHz, which is
seven orders of magnitude lower than that of bulk water [5.3, 5.12].

Such observations have led McCafferty and Zettlemayer [5.11] to suggest
that dielectric dispersion in the VLF region in systems composed of a solid
and adsorbed water may principally be due to relaxation of the adsorbed water.
However, an equally plausible explanation is that conductivity inhomogeneities
in a soil matrix are responsible for dielectric dispersion and it is not the
rotational mobility of water molecules in the surface water that is important,
but rather the conductivity of the surface layer [5.13, 5.14].

Thus the most general form of a heuristic, predictive dielectric mixing
rule that might be used for soil specifications would separate the volumetric
percentages of bound and free water. The soil mixture is then described
electrically as a four-component system whose constituent components are
linearly combined in terms of the respective volume fractions as

€0i1 = Vnfm * Vi€a t Vpfpy * Vfwetf’w ’ (5.1)
where v represents volume fraction; the subscripts m, a, bw, and fw represent

soil matrix, air, bound water, and free water; and a is a constant.
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Here we recognize that

¢ = total porosity = (p, - p)/Py = 1 - pp/P,

where p, and p, denote the matrix (solid material) and bulk (air, water,

material mixture) density, respectively, and,

<
]

: 1-¢ (5.2)
¢ - Sw

<
[

Sw = Vb+vfw'

L

The two terms involving bound and free water are often combined into a single

term with an empirically determined multiplicative factor of the free water

permittivity in the soil [5.15]. That is,
. v
Viu€bw t Ve€fe = SW €5y > (5.3)

where the exponent, v, of total water saturation, Sw, is empirically derived.
Substituting eqs. (5.2) and (5.3) into (5.1) and recognizing that €5 = 1
yields the following relation in terms of porosity and water saturation

€ = (1-¢) € + ¢-Sw + Swed . (5.4)

In terms of the bulk and soil matrix densities, eq. (5.4) may be written

€y = (L-1+p/p) € + 1-p/p + (5WE€L - Sw)

or
P
€ = 1 + ﬁ(e; - 1) + (Sw €F - sw) , (5.5)
where p,/p, = v, /v, is the soil matrix volume fraction.
For a = 1, eq. (5.5) is known as a linear model; for a = 1/2 as a
refractive model (since €® = n is the refractive index); and for a = 1/3

as the cubic model.
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The results of over 500 measurements made by Dobson, et al. [5.15], on
five differing soil types at nine frequencies (from 4.0 GHz to 18 GHz) and for
volumetric moistures, Sw, ranging from 0.0l to total saturation gave values of
v between 1.0 and 1.16 and suggested a refractive model (a = 1/2) as most
suited for soil-water mixtures. This was observed earlier by Shutko and

Reutov [5.16]. Hence Sw = Sw and

) . p .
€ = 1+ ﬁf(f,’: - 1) + Sw (€f, - 1) . (5.6)

Combining the effects of bound and free water into one term (eq. (5.3))

reduces the implicit dependence of € on soil type [5.4]; this is not

soil
surprising since clays are expected to have more bound water than, say, sand

grains. In general, however, € and €, in eq. (5.6) are complex quanti-

soil
ties, since attenuative loss due to electrolytic conduction is fundamentally
implicit in natural soils and therefore must be incorporated into test lane
soils for realistic performance testing. 1In fact, the loss tangent of soil
pore water, which depends on salinity (and temperature), is essentially an

in situ parameter and cannot be ascertained correctly by pore fluid

extraction. These complicating facts will be addressed below.

B2.1 Dry Soil Mixture

For a dry soil mix eq. (5.6) simplifies to

% - 1 + %(ew - 1) (5.7)

soil matrix

since Sw = 0. Or, in terms of the porosity ¢ of the soil mix,

% % 1
€0i1 = (1 - @) €npprix + 4 e:ir (5.8)
or
J %
€oi1 = (1 - ¢) €matrix T ¢,

since eir =1 - jO. 1In this case the soil mixture will have a real

dielectric constant (or exhibit no conductive losses). Therefore, essentially
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no c¢lectromagnetic attenuation will be imposed on field tehavior by the
background soil medium in the frequency range of interest and detection
systems operating at higher relative frequencies would he expected to perform
best, all other factors being equal [5.3]. Examples of dielectric, nonlossy
test soils are dry sands (SiO, or SiC). Frequency-domain measurements of the

dielectric constant on these soils have been reported previously [5.3].

B2.2 Lossy, Fluid-Saturated Soils

For lossy, fluid-saturated soils the dielectric mixing rule becomes more
complicated since both the bulk soil mixture and the pore water become
electrically lossy and attenuate electromagnetic fields. 1In this case the
vlectromagnetic fields of a mine detection system operating at a higher
relative frequency would suffer greater attenuation. If the effective skin
depth is too small relative to the burial depth of a buried mine, the detec-
tion system would perform more poorly than a system operating at a lower
frequency. There are two cases to consider: one where background soils are

only partially water saturated and the other where soils are fully saturated.

B2.2.1 Partially-Saturated Soil Mixtures

The complex dielectric constant of the soil may be written

'/1 ‘h Y Y
€oil = (1 - ¢) € atrix T (¢ - Sw) €ir 1 Sw € ater (5.9)
where
h [e 7
€natrix = €r'natrix (nonlossy) ,
€’ = 1 (nonlossy)
Air \ )’ )
€” (€’ - joer ) (lossy) (5.10)
water water J water y ’ .
(6' (1 R j tané )]'/1 tané = G'\'vater
water water ’ Wyater = T7 s
water
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and

‘h 3 H ‘/7 . .
€s0il [€'soi] -] 650”] (lossy)
e"
i ¢ ] P - soi |
(€L, (1 - tans, )", tand ., = o
50!

Use of the half-angle relation

tans = 2 tan “642
1 - tan® §/2

allows a complex dielectric constant € = ¢’ (1 - j tand) to be written as
e - /€ (1 - tant & - 2j tan ﬁ)'h
(1 - tan? £)* 2 2
- J€ [((1 - j tan _3_)2]"' (5.11)

or

~~
—

\
~
o
=

~
|on
=
&

Use of eqs. (5.11) and (5.10) in (5.9) then yields

“ezsoil

(1 - tan?® -—6-‘;")'/’

5. .
(L - j tan _Sz.‘ﬂ) = (1 - ¢4) Jeratrix + (4 - SwW)

/ ’
Sw J€ water

(1 - tan? 6wa2nw)'/!

5
[1 - j tan ___wazter]
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Separating real and imaginary parts yields

Je, ———
011 I .
' €matrix ! ¢ (1 - er'ndtrlx ) - Sw

R 5<m| %
(1 - tan —7—)
N [t
+ Sw €wdtr>r
-
(1 - tan? Seueyh (5.12)
and
Je' tan Swu Sw Je! tan § /2
sorl - 2 - water ¢ water/ @ (5.13)
. Suite ’ o
(1 - tanzégﬂ)% (1 - tanz—igi)%

Both eqs. (5.12) and (5.13) must be satisfied simultancously. € tané

!
soil?

soil:
and €. are known from measurements. The total porosity, ¢, and water and
air saturations, Sw, and ¢ - Sw, respectively, may be determined by using a

value for the water salinity, S, which is based on the cation exchange

capacity of the matrix soil type. The dielectric constant of the pore water,
€. ter» s computed from eqs. (2.17) and (2.20). The loss tangent of the pore
water is then calculated from eq. (2.21). Substituting these values aad the

measured € ., and tan (5sml/2) into eq. (5.13) allows the determination of

Sw from which the total porosity is computed (eq. (5.12)).

B2.2.2 Saturated Soil Mixtures

A more expedient approach is to relate the complex dielectric constant of

the soil mixture to the water-filled porosity ¢  so that we may write

€ = (L-¢) €t o+ ¢, € (5.14)

soil water

Use of eqs. (5.10) and (5.11) now yields

J€! . ¢ Je!
(Yo} - (1 . ¢w) m w water

o (5.15)
(]. - tanz -6—“2)—”),' [1 - tanz 6wa2lr1]‘/l
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§ L

’ L : fo 1 R wa ot

€son tan == P Ve, tan =5 (5.16)
L & " -_ . 8 P ’ ’
- Z Serpr N A . . ¢ witer 1R
(1 tan® —=) (1 tan —7——]

s : ’ P ' e £ p -
Again, € .y, tand .y, and €., 4are kaown from measurements. A value for the
salinity, S, of the pore water is then taken. The real part of the pore water

permittivity, e;amr, at temperature T (°C), is then computed from

€! = €,(T) - 0.1556 - 4.13 x 10° s + 1.58 x 10¢ &7 (5.17)

water

€' (T) = 88.045 - 0.4147 T + 6.295 x 10™* T? | (5.18)

wo

Next the loss tangent of the pore water is calculated from

tan § [e! 7' [5.66 + 2.65 x 10°'S - 4.5 x 107® s?} . (5.19)

water water

This initial value of tan § is substictuted into eq. (5.15) to determine

water

¢, A corrected value of tan($ /2) is determined from eq. (5.16) which is

water
then used to determine a new value for the water salinity and porosity, é,
until they converge to constant values. This approach is one commonly used in
geophysics and reservoir engineering to determine both the water-filled
porosity and pore water salinity of rocks from in situ dielectric measure-
mants. For our purposes here, these are the fundamental parameters that allow
us to predict, from a mixing relationship, how attenuative a background soil
is. The important point is that the complex permittivity (both nonlossy and
lossy parts) of the background test medium be the same in performance
evaluations of mine detector systems operating at the same frequency. While
various synthecic substances can be thought of that can simulate the real
field situation of water-saturated soils in terms of the complex permittivity
a. a single frequency, there are few synthetics which, in combination, can
simulate the dielectric behavior of water-saturated soils over a broad range

it frequency.
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B3. Application to Granular Soil Mixtures

As an application to dielectric property prediction of soil mixtures,
consider a two-phase mixture of air and dry sand, where sand consists of
washed quartz grains that have diameters ranging from 0.027 and 0.60 mm.
Recalling eq. (5.7) we write

% Pb (et
€oi1 — 1 +p_ (Ematrix = 1)
m
For this mixture, Geyer [5.3] and Jesch [5.17] have reported a measured mean

relative dielectric constant, € of 2.702 it 300 MHz and for a mean bulk

soil?
density, p,, of 1.540 g/cm’. Standard deviations for the relative dielectric
constant and mean bulk density were 0.0486 and 0.022 g/cm®, respectively.
Bussey [5.13, 5.19] has reported €’ of silica equal to 2.822, measured at

9 GHz with the use of cavity resonators. Von Hippel [5.20] has reported €’
of (fused) silica at 25°C and at 300 MHz equal to 3.78. Von Hippel'’s results
show fused silica essentially dispersionless over the frequency range of

100 Hz to 25 GHz, with tan § - 0.5 x 10* at 300 MHz. Clark [5.21] and

silica
Morey [5.22) give the matrix density of pure silica, p,, to be 2.203 g/cm’.

In summary, use of the two-phase refractive dielectric mixing rule yields
a predicted relative dielectric constant

(1 + 0.699 (e* - 1))?

€ matrix

soil, predicted

- [1+0.699 (3.780% - 1))?

€ 2.756

soil, predicted

This result differs by 2.1 percent from observed measurements using an
open-ended transmission line with a vector automatic network analyzer. This
difference is probably due to impurities in the quartz sand, which would

affect both p and €., . .
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B4. NIST Measurements of Electromagnetic Soil Properties

B4.1 Natural Soils

A large number of dielectric measurements on soils have been made by
NIST over the past decade. Jesch [5.17], using frequency domain open-circuit
coaxial transmission line techniques (described in detail in Chapter VI), has
made dieleciric measurements of five different natural soil types. The
textural types were sand, sandy loam, silt loam, clay loam, and clay. Sand is
defined as washed quartz grains having diameters from 0.027 mm to 0.60 mm,
whereas silt is washed quartz grains having diameters between 0.0033 mm and
0.021 mm. The clay used was inorganic (kaolin or bentonite) with plate
diameters less than 0.0033 mm.

The soils used by Jesch [5.17] were constructed as follows:

Sand Texture - 9.5 parts sand, 0.5 parts clay, 0.3 parts silt;

Sandy Loam - 6.4 parts sand, 3.6 parts clay, 2.5 parts silt;
Silt Loam - 2 parts sand, 8 parts clay, 6.8 parts silt;

Clay Loam - 3.2 parts sand, 6.8 parts clay, 3.3 parts silt; and
Clay - 2 parts sand, 8 parts clay, 2 parts silt.

These soil types, which are classified according to particle size and
distribution, are illustrated in fig. 5.1 and 5.2.

The natural soil measurements for the above five soil types were
accomplished for moisture levels ranging from O to 48 percent and for test
frequencies from 300 to 9300 MHz. A small but representative sample of the
results are shown in Tables 5.2, 5.3, 5.4, 5.5, and 5.6. Little dispersion
is observed for all soils when Sw = 0.00. However, as water saturation
increases, greater dispersion in €’ occurs, particularly as the matrix
particle diameters decrease. From previous discussion, this is expected,
since the ratio of surface water to bulk pore water dramatically increases by

several orders of magnitude.
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Table 5.2

]

Experimental Results of Dielectric Measurements on Sand as a
Function of Water Saturation Sw and Frequency f [5.17]

SAND
Sw = 0.00 Sw = 0.04 Sw = 0.14
€’ €'’ €'
f
(MHz) (Mean) (Std. Dev.) (Mean) (Std. Dev.) (Mean) (Std. Dev.)

300 2.702 0.0486 4.225 0.168 10.458 0.413
500 2.694 0.0492 4.079 0.162 10.641 0.415
1000 2.693 0.0515 4.019 0.165 11.179 0.349
2000 2.695 0.0515 3.940 0.142 9.951 0.334
4000 2.656 0.0419 3.946 0.148 10.544 0.441
9300 2.737 0.0660 3.373 0.198 10.179 1.140
Table 5.3 Experimental Results of Dielectric Measurements on Sandy Loam

as a Function of Water Saturation Sw and Frequency f [5.17]

SANDY LOAM
Sw = 0.00 Sw = 0.06 Sw = 0.24
€' €’ €'’
f
(MHz) (Mean) (Std. Dev.) (Mean) (Std. Dev.) (Mean) (Std. Dev.)

300 2.650 0.040 5.967 0.076 24,527 0.326
500 2.642 0.047 5.407 0.062 24,328 0.185
1000 2.660 0.079 4.909 0.028 22.705 0.625
2000 2.680 0.102 4.408 0.035 21.156 1.072
4000 2.691 0.125 4,301 0.019 15.549 1.560
9300 2.663 0.027 3.813 0.084 9.884 2.400
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Table 5.4 Experimental Results of Dielectric Measurements on Silt Loam

as a Function of Water Saturation Sw and Frequency £ [5.17]

SILT LOAM
Sw = 0.00 Sw = 0.05 Sw = 0.10
€' €' €'
f
(MHz) (Mean) (Std. Dev.) (Mean) (Std. Dev.) (Mean) (Std. Dev.)

300 2.340 0.049 4.453 0.097 9.151 0.186
500 2.321 0.051 4.038 0.083 8.083 0.182
1000 2.318 0.059 3.692 0.078 7.458 0.343
2000 2.343 0.085 3.391 0.080 5.573 0.157
4000 2.325 0.044 3.319 0.108 5.275 0.048
9300 2.408 0.094 3.170 0.092 4,065 0.268
Table 5.5 Experimental Results of Dielectric Measurements on Clay Loam

as a Function of Water Saturation Sw and Frequency f [5.17]

CLAY LOAM
Sw = 0.00 Sw = 0.06 Sw = 0.12
E' e' el
f
(MHz) (Mean) (Std. Dev.) (Mean) (Std. Dev.) (Mean) (Std. Dev.)
300 2.775 0.024 5.667 8.719 0.183 0.186
500 2.760 0.027 5.108 0.138 8.083 0.182
1000 2.773 0.037 4.649 0.101 7.363 0.223
2000 2.771 0.051 4.151 0.065 5.702 0.018
4000 2.758 0.048 4.024 0.156 5.682 0.005
9300 2.708 0.076 3.826 0.122 4.657 0.418
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Table 5.6 Experimental Results of Relative Dielectric Measurements on Clay
as a Function of Water Saturation Sw and Frequency f [5.17]

CLAY

Sw = 0.00 Sw = 0.06 Sw = 0.12
€' €'’ €’

(MHz) (Mean) (Std. Dev.) (Mean) (Sstd. Dev.) (Mean) (Std. Dev.)

300 2.717 0.052 6.030 6.034 10.676 0.204
500 2.703 0.053 5.399 0.015 9.402 0.186
1000 2.721 0.065 4.952 0.058 9.871 0.807
2000 2.721 0.068 4.187 0.005 6.294 0.124
4000 2.732 0.105 4.289 0.085 5.642 0.823
9300 2.677 0.052 3.754 0.053 5.185 0.950

B4.2 Synthetic Soils

A further extensive study of permittivity measurements has recently been
accomplished at NBS for synthetic soil materials that might be used in land
mine validation testing. These measurements were also performed in the
frequency domain, using open-circuit coaxial transmission-line techniques.
Data were collected for wetted sands and various silicon carbide (60-grit) and
sand mixtures, as well as for silicon carbide and aluminum powder mixtures,
over the frequency range of 50-750 MHz. A brief summary of the results is
given here.

Initially, the coaxial line was filled with tap water at 20°C in order to
verify the experimental procedure and calculations. Calculated permittivity
and loss tangent from 50 MHz to 1.20 GHz are shown in figure 5.3, validating
laboratory procedures.

Dielectric dispersion curves for wetted sand samples (water saturations
varying from 4 percent to 14 percent) are given in figures 5.4, 5.5, and 5.6.
The dielectric constant predictably increases as water saturation increases,
with dispersion evident principally at frequencies less than 150 MHz. 1In

addition, the permittivities at 600 MHz of a 5 cm section of various water-
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saturated sands were measured as a function of drying time at approximately
20°C. These results, illustrated in figure 5.7, show that host soil
permittivities can vary by as much as a factor of 2 over a 72 h drying time.
Hence, if wetted soils are used for test beds, the host permittivity should be
measured at the time of validation testing so as tu properly compare different
detection systems.

Various mixtures of silicon carbide and sand were also examined and the
results are given in figures 5.8, 5.9, 5.10, 5.11, and 5.12. The loss tangent
increases slightly with increasing frequency as opposed to the case of wetted
sands, where the loss tangent either remained constant or decreased with
frequency. Provided these silicon carbide mixtures have little conductive
(lossy) material in them, almost no dispersion is evident. Therefore, by
controlling the sand-silicon carbide mix, we may simulate a host medium whose
effective permittivity ranges from 3 to 13 but remains constant over the
50-750 MHz range (for any given mix) for plastic land mine validation tests.

The addition of conductive aluminum powder to silicon carbide yielded
expected dispersion, as seen in figure 5.13. In fact, addition of even
5 percent aluminum powder (by mass) caused dispersion to be evident at
frequencies as high as 500 MHz. Hence, if conductive constituents such as
aluminum powder are added to host test lanes, the dispersion characteristics
of the lossy test media should be known a priori so that detection systems
operating at different frequencies may be compared properly (just as for

wetted soils).

C. Use of loose Matrix Synthetic Solls for Narrowband or Fixed Frequency
Test lLanes for Nonmetallic Buried Objects

The point of the discussion on polarization mechanisms and relaxation
processes is to provide insight into the frequency dependence of € for soil
materials. Because the frequency dependence of €’ for most soil materials is
generally flat from 1 MHz to 1 GHz, there is valid justification for specify-
ing synthetic test soils since their constituent electromagnetic properties
may be more controllable. A preliminary suggested set of standard background

media is given in Table 5.7 for plastic mine detector validation testing.
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Table 5.7 Preliminary Set of Standard Background Media for Plastic Mine
Detector Validation Testing

Background Medium Dielectric Constant, €' Loss Tangent, o/we’
Dry Silica Sand 2.8 ¥ 0.05 0.01
Mixture: 40% SiC,

60% Dry Sand 5.0 0.2 0.013 + 0.002
Mixture: 80% SicC,

20% Dry Sand 10.0 £ 0.4 0.018 * 0.003

In the natural soil environment encountered by the foot soldier, both
conduction and dielectric mechanisms influence mine detector signals. The
common factor affecting both conduction and dielectric mechanisms is the water
saturation, Sw. Thus, in standard background test media it is critical to
control and/or to know water saturations. As a matter of test procedure, mine
lanes for UHF detectors should mot only be enclosed in an electromagnetically
anechoic environment (to avoid spurious noise reflections off metallic
objects), but also one which is shielded from the varying influences of

vutside weather that affect Sw.

D. Use of Loose Matrix Natural Soils for Test Lanes for Metallic Buried
Objects and Broadband Systems

The use of synthetic soils for test lanes for single-frequency metal
land mine detectcrs may also be justified in terms of greater control of
constituent properties governing detector signals. Since these detectors
generally operate at a frequency around 2500 Hz, there are usually no signi-
ficant attenuation problems in sensing metallic mine signals at burial depths
that may be as great as 1 m, even for a relatively conductive (o, = 0.1 S/m)
soil or for that which is magnetically permeable (u, = 1.4 K,). Suggested
background media for single-frequency metal mine detectors are given in
Table 5.8. Because the conductivity contrast between a metallic mine and
almost any conceivable natural soil is so high (effectively infinite for
analysis purposes), requirements on testing environments for metal mine

detectors are much less stringent. That is, test lanes for VLF or ELF single-
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frequency metal mine detectors need not be in an anechoic environment nor do

they need to be shielded from the influences of outside weather.

Table 5.8 Preliminary Set of Standard Background Media for Metal Detector
Validation Testing

Background Medium Relative Magnetic Permeability, B/ By

Dry Sand 1.00

Mixture: Dry Sand with
30% Magnetite 1.35

Signals measured by both single-frequency plastic mine UHF and metal mine
VLF detectors are sensitive only to the volume of the buried land mine. In
order to gain shape information (and therefore minimize false alarms due to
ground clutter), future detectors must be developed that are broadband in
design and measurement -- a fact well recognized in radar work. As such
development proceeds, the sensitivity to complex permittivity contrasts (mine
visibility), affected by dielectric relaxation processes, becomes relevant in
understanding detector performance and in specifying optimal system bandwidth.

The use of synthetic or natural soils in test lanes for broadband system
validation should be approached with caution. Natural soils often depart
drastically from Debye behavior (single relaxation dielectric dispersion) at
frequencies less than 1 MHz. Furthermcre, broadband dispersive character-
istics of synthetic soils (in the ELF or VLF frequency range) may not compare
to that of natural soils commonly encountered by the field soldier.

Thus, although it would be desirable to have background test material
that is electromagnetically analogous to those situations commonly encountered
in the field, it is equally desirable to have test soils that can be
accurately specified, and whose properties can be closely controlled and
measured. On account of these two requirements, it is expedient to examine in
more detail the dielectric characteristics of water saturated soils with a
view toward understanding those parameters that can be controlled and are
responsible for governing electromagnetic field behavior. At the very least,

such an examination should provide insight into how natural soils might be

5-22




used in performance testing of broadband mine detection systems or in
predicting how they may differ from the suggested set of standard background
media given in Tables 5.7 and 5.8.

E. NIST Recommendations and Conclusions

El. Natural Loose-Matrix Soil Standards

Natural loose-matrix soil standards have the advantage of possessing
identical electromagnetic properties (p,., €. and 0) to soils found in the

field. However, these natural soils have the following disadvantages.

1. Water Content Variation -- It is very difficult (if not impossible)

to consistently control the water content of a natural loose-matrix
soil. Even small changes in water saturation, Sw, can have a very

large effect on the dielectric constant of the soil.

2. WVater Gradient Variation -- Even if some method were eventually

determined for accurately and consistently controlling Sw, there is
still a problem with the fact that Sw is a function of depth in the
soil. This function is, in general, unknown but is related to

gravity and soil texture and type.

3. Reproducibility -- It would be very difficult to find sources of
natural soils which would be sufficiently uniform to serve as

standards.

4. Soil Density Variation -- It is also very difficult to control

the soil density (compaction) of a natural loose-matrix soil.
These variations lead to an undesirable inhomogeneity in the

electromagnetic properties of the background medium.

5. Soil Density Gradient Variation -- Similarly to the water gradient
problem, the effects of gravity will lead to soil density stratifi-

cation with a resulting increase in the values of the electromagnetic

constituent properties of a natural loose-matrix soil as a function
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of increasing depth. Although, for some tests, it may be desirable
to simulate realistic soils by purposefully introducing this gradient

variation, it should be controllable.

Target Position and Orientation -- The use of natural loose-matrix

soil standards makes it very difficult to place targets in the medium
with precisely controlled depths and orientations. Thus, repro-

ducible tests would be almost impossible to conduct.

Surface Irregularities -- The use of natural loose-matrix soil

standards weculd make it very difficult to control the surface
smoothness (or profile) of the medium. Tests demanding smooth
surfaces as well as those with purposefully irregular surface

profiles (surface clutter tests) would be difficult or impossible.

Contamination -- It would be very difficult, over time, to prevent

contamination of loose-matrix natural soil standards or even to

detect that contamination had taken place.

E2. Synthetic Loose-Matrix Soil Standards

Synthetic loose-matrix soil standards would be an improvement over

natural soils in that disadvantages 1, 2, and 3, above, could be eliminated.

However, disadvantages 4 through 8 still apply, and, in addition, these

synthetic soils have other disadvantages as follows:

1.

Property Deviation with Frequency -- Although it is possible to

synthesize a given natural soil’s electromagnetic properties over

a narrow frequency range with a mixture of dry materials, such as
silica sand and silicon carbide, it is not possible to synthesize a
natural soil that would duplicate the natural soil’s properties over
a broad range of frequencies. (A range of 100 kHz to 5 GHz would be
desirable.) Therefore, for adequate detector testing, a number of
different synthetic soil lanes would be required to simulate the

properties of just one natural soil.
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2. Temperature Dependence -- Since there is a wide variation in the

dielectric constant of water as a function of temperature, it would
be very difficult to create a dry synthetic material mixture which
would track damp or wet natural soils over even a small range of

ambient temperatures.

E3. Liquid Soil Standards

NIST’'s conclusion with respect to liquid soil standards is that, although
this approach is probably not impossible, it is impractical. It is very
likely impossible to simulate all desired electromagnetic properties of
natural soils with liquids, and simply the mechanics of attempting to perform
detector tests over a large tank filled with liquids would be extremely

difficult and, perhaps, dangerous.

E4. Rigid-Matrix Soil Standards

NIST recommends that, as future work, a set of rigid matrix soil
standards be developed and installed at Ft. Belvoir. (See Chapter VIII.)
These soil standards, as presently envisioned, would corsist of portable
bricks (with or without standard or realistic targets embedded within)
fabricated from mixtures of epoxy (or some 'other suitable binder), water,
salts, silica sand and/or polystyrene beadz. These standards would possess
none of the disadvantages of loose-matrix natural or synthetic soils. 1In
addition, preliminary experiments at NIST indicate that a very wide range of
values for electromagnetic properties can be obtained with these bricks, and
these properties should track those of natural soils over a very wide band of

frequencies and temperatures.
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Figure 5.1 Particle properties for different soil types.
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Figure 5.2 Particle distribution for different soil types.
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Figure 5.3 Measured permittivity and loss tangent vs frequency for tap water at 20° C.
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Figure 5.4 Measured permittivity and loss tangent vs frequency for sand with 4% water.
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Figure 5.5 Measured permittivity and loss tangent vs frequency for sand with 8% water.
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Figure 5.6 Measured permittivity and loss tangent vs frequency for sand with 14% water.
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Figure 5.7 Measured permittivity at 600 MHz vs drying time at 20° C for various sand & water

mixtures.
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Figure 5.8 Measured permittivity and loss tangent vs frequency for 100% silicon carbide.
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Figure 5.9 Measured permittivity and loss tangent vs frequency for 90% silicon carbide 10% sand

mixture.
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Figure 5.10 Measured permittivity and loss tangent vs frequency for 80% silicon carbide 20% sand
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SILICON CARBIDE & SAND MIXTURE
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Figure 5.11 Measured permittivity and loss tangent vs frequency for 70% silicon carbide 30% sand
mixture,

5-38




SILICON CARBIDE & SAND MIXTURE

30 0% SiC 100% Sand (Sw = 0.00)
< 1 | 1 | ]

25~

~———

20~
v 15k

10|

05|

| 0.0}

| 0.040 |
| 0.035
0.300

% 0.025

< 0.020

g 0.015

= 0.010

0.005

0.000 i i 1 ] 1 ]

50 150 250 350 450 550 650 750
FREQUENCY (MH2)

ldlllJllll

Figure 5.12 Measured permittivity and loss tangent vs frequency for 100% sand.
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SILICON CARBIDE & ALUMINUM MIXTURE
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Figure 5.13 Measured permittivity and loss tangent vs frequency for various silicon carbide & aluminum powder mixtures.
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VI. TEST INSTRUMENTATION AND PROCEDURES FOR STANDARDS

A. Introduction

The measurement of mine detector performance generally requires that
certain specified tests be carried out with test targets buried in a carefully
controlled environment or test lane. For tests of plastic object detectors
that use UHF or microwave frequencies, the returned signals are very much
weaker than the transmitted signals. This makes it imperative that the test
procedures be designed so that we can obtain consistently similar results for
the returns from a given combination of test target and background medium.
Unfortunately, test conditions vary over time -- especially if the test lane
contains damp soil. In this section of the report, we briefly review various
laboratory methods for determining the electromagnetic properties of target
and background materials. We then describe methods for simulating the
electromagnetic properties of damp, sandy soils with dry materials. We also
describe methods for accurately determining the electromagnetic properties of
such dry materials and for the long-term monitoring of the properties of test
lanes composed of such materials.

Dielectric measurement techniques have a long history [6.1-6.3] and will
be briefly mentioned here. Afsar, Birch, and Clarke [6.4] give a compre-
hensive review of techniques developed over the past two decades to measure
dielectric properties of materials in the frequency range 1 MHz-1500 GHz.

Frequency domain laboratory techniques often employ propagation
measurements in a waveguide transmission line containing the dielectric.
Measurements of the input admittance of a shielded open-circuited coaxial line
filled with the material are common [6.5]. Depending on the frequency range
of interest, the admittance at the plane of the sample holder connector is
measured by a capacitance bridge (kilohertz range), Schering or twin T bridges
[6.6] (up to 200 MHz), or an Automatic Network Analyzer (ANA) (0.5 MHz-

18 GHz). These admittance values are then converted by suitable formulas into
complex permittivity, loss tangent, and so on. Closed cavity resonator
techniques are also used for permittivity measurements in the microwave region
[6.7-6.11]). As the frequency range of interest becomes still higher (greater

than 20 GHz) open cavity resonator techniques are used [6.12-6.21], since at
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the higher frequencies the open resonator can be made fairly small and the
high Q values required for the measurement of low dielectric loss are easily
attained.

Time domain laboratory methods for dielectric spectroscopy are also
undergoing rapid development [6.22-6.28]. These methods typically make use of
a reflected wave off a length of air line, part of which is filled with the
material to be tested. The complex permittivity is determined from the

measured reflection coefficients.

B. Laboratory Sample-Holder Measurements of the Electromagnetic
Properties of Materials

Bl. Dielectric Measurements Using Open-Circuit Coaxial Lines

Bussey [6.5] and, more recently, Jesch [6.29] have made measurements of
the dielectric properties of materials using open, coaxial sample holders.
The design of the sample holders, fabricated from 14 mm, 50 {1 precision
coaxial air line and equipped with a 900-BT precision coaxial connector, is
shown in fig. 6.1. Essentially, soil conductivity and permittivity is deter-
mined by the construction of a section of coaxial transmission line, as illus-
trated in fig. 6.1, with the soil serving as the lossy dielectric environment
for the electromagnetic fields produced within the transmission line.

The impedance, z at the input end of a transmission line has a

in?

characteristic impedance z, and termination impedance z,, given by

z, + 2, tanhy!

in Zo z, + z, tanhyl ’ (6.1)

where 7 = a + jB 1is the complex propagation constant of the transmission line,
a and B are the respective attenuation and phase constants of the transmission
line, and ¢ is the length of the transmission line. When the termination
impedance is 0 (short circuit at the termination), eq. (6.1) becomes

= z, tanhy! (6.2)

zin, short circuit

whereas when the termination is an open circuit we have
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z z_ [tanhy¢]™"

. . . =
in, open circuit o]

Dividing the short circuit input impedance by the open circuit input impedance

(6.3)

yields
Zin, short circuit 2
: = tanh‘ (7€)
Zin, open circuit
or
zZ. . -
y = 1 tanh"' in, short circuit (6.4)
¢ Zin, open circuit
or
N o= 1 /n 1+ Zin, short circuit/zin, open circuit
2t L -y Zin, short circuit/Zin, open circuit
- 1 n 1+ "/Zin, short circuit/zin, open circuit
2t L - ’/zin, short’circuit/zin, open circuit
+ _J_ phase 1+ Jzin, short circuit/Zin, open circuit 5 o (6.5)
, .
2t L - Jzin, short circuit/zin, open tircuit

n =0, 1, %2,

Hence the attenuation constant a of the transmission line is
a =Lt 1+ ‘/zin, short circuit/Zin, open circuit (6.6)
2L - )
1 ’fzin, short circuit/zin, open circuit




and the phase constant g is

g = 1 phase 1+ '/zin, short circuit/zin, open circuit

2¢

nn
— . 6.7
7 (6.7)

B '/zin, short circuit/Zin, open circuit

The TEM characteristic impedance z, of the coaxial transmission line is

_ jwp fn(b/a)
Zo \/ 0 + jwe 2m ! (6.8)

where b,a are the outer and inner diameters of the coaxial line, respectively.

From Ampere'’s law,

vxH = (0- jwe) E , (6.9)
and Faraday's law,
- -
VXE = jwspH, (6.10)
we see that
v = jwp (0 - jwe) , (6.11)

so that from measurements of a and B conductivity and permittivity are easily

obtained,
o(w) = 2 af/(wp) , (6.12)

€(w) = (a® - )/ (w'p) . (6.13)

The results of a series of measurements using this open-ended coaxial
holder technique are shown in fig. 6.2. The technique is well-suited to
making measurements of the dielectric properties of granular mixtures.
Figure 6.2 shows data obtained at 600 MHz for various mixtures of sand and

silicon carbide as the percentage of sand is varied.
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B2. Permittivity and Permeability Measurements with a Two-Port Measurement
Technique

As described more fully in Appendixes VI.A and VI.B, the complete
electromagnetic proportion of materials can be obtained over a wide range of
frequencies with a two port measurement set-up. We made a large number of
measurements using an Automatic Network Analyzer (ANA). This particular
system {6.30] is composed of an S parameter test set, sweep frequency gener-
ator, and a control computer. The system is capable of determining S para-
meters over the frequency range of 45 MHz to 26.5 GHz. We made all of our
measurements between 50 MHz and 1.05 GHz. Before taking any data,
calibrations were carried out with three standards: a precision short, an
open circuit, and a 50 1 matched load. These standards were all terminated in
3.5 mm connectors on the S parameter test set. We used a sample hclder made
from a 10 cm length of precision beadless 14 mm air line. The holder was
terminated with GR-900 connectors. Samples of plastic material were machined
on a lathe so that they fitted very precisely between the inner and outer
conductors of the holder. Samples of the Teflon and nylon used to make test
targets were prepared in this way. To measure the properties of a given
sample, one of the GR-900 connectors was removed from the line and the
machined sample was then inserted. The distance from the end of the holder to
the sample was measured with a depth gauge and recorded before reattaching the
GR-900 connector. The holder was then carefully connected to the ANA. See
fig. 6.3.

Measurements of all four S parameters were taken over the frequency
range from 50 MHz to 1.05 GHz for each material at 5 MHz intervals. This
yielded 201 data points per plastic sample. The time required typically did
not exceed 15 minutes per plastic sample -- including the time required to
store data on a floppy disk, The data are stored as nine numbers for each
frequency: four complex S parameters (two numbers each) and the frequency
(one additional number).

All data are analyzed using a program* written in BASIC. The program
prompts the user to input the following quantities: (1) the number of data

*Appendix VI.A, attached.
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points, (2) the length of the sample holder in meters (0.0994), (3) the length
of the sample, (4) the distance from the S,, end of the sample holder to the
sample, and (5) the distance from the S,, end of the sample holder to the
sample. The values given in (2)-(5) above are used to rotate the electrical
phases from reference planes located at the GR-900 connectors to corresponding
planes located at the S,, and S,, ends of the sample located inside the holder.

The program asks the user for a file name before retrieving the
information from the disk. Values for §,, and S,, (after reference plane
rotation) are displayed on the screen, as well as magnitude and phase differ-
ences. Since the system should be symmetrical after phase plane rotation,
these differences should be close to 0. A set of differences significantly
greater than zero indicate that one or more of the lengths entered in (2)-(5)
above need adjustment, or that various system calibrations have not been
properly performed.

The user can request that either the S,, S, products or the §S,, S,
products be used in the calculations. We used both sets of data; accordingly,
there are pairs of overlapping curves for each of the four quantities shown in
figures 6.4 and 6.5. The program calculates values of the complex permit-
tivity and permeability for the sample according to formulas given in
Appendix B. At this point the program will, at the user'’s option, print the
results before saving them on the disk. The stored values are used later to

produce graphs.

B3. Procedures for Determining EM Properties of Test Soils

Measurements of the permittivity and permeability of granular samples
(such as dry sand and SiC sand mixtures) are done with methods similar to
those described earlier in the section on plastic test targets. Two thin
plastic washers are used to confine the material inside the sample holder.
The procedure we have adopted involves first inserting a Teflon washer (14 mm
diameter, 1.5 mm thickness) into one end of the beadless air line. A measured
volume of the sample is then poured in from the other end while gently tapping
the body of the holder to allow the sample to settle. A second 1.5 mm Teflon
washer is inserted and pushed firmly into place using a metal tube. The

distance from the end of the holder to each of the Teflon washers is then

6-6




measured with a depth gauge and recorded. The GR-900 precision coaxial
connectors are reattached to the sample holder which is subsequently connected
to the ANA (using GR-900/SMA adaptors and precision coaxial cables).

Figure 6.3 shows the measurement setup. Examples of the measurements made on
dry sand and on a 60%/40% mixture of dry sand and SiC are shown in figures 6.6
and 6.7.

Errors can be reduced by exercising care in sample preparation. The
material between the Teflon washers must be free of voids or air gaps. The
washers must be machined so that they present a flat face to the air on one
side and to the particulate material on the other side. Washers must be
placed correctly in the holder with the plane of the washer perpendicular to
the center conductor. We tried to make the washers we used as thin as
possible -- yet with sufficient material to maintain adequate rigidity. The
washers are considered to be a part of the sample by the analysis program;
their use may introduce errors if the material under test is electro-
magnetically very dissimilar. The method used for calculating permittivities
and permeabilities also requires that the sample be less than one-quarter of a
wavelength long. This limits the length of the sample which can be used or
limits the frequency range which can be analyzed for materials of high
dielectric constant. Very lossy materials (for which no significant trans-
mission through the sample holder takes place) would also be difficult or
impossible to characterize. Finally, for solid samples, care must be taken to
insure that the samples fit tightly in the holder to minimize contact

resistance.

C. In Situ Methods

A number of investigators have, with varying degrees of success,
attempted to develop probe methods for determining the electromagnetic
properties of soils. A report [6.31] outlines the measurement technique and
the construction details for a two-frequency, in_situ probe which can be
inserted into holes bored into clay or loose soil. The instrument is reliable
and easy to use. It is powered by two nine-volt transistor radio batteries
and is portable. Measurements at UHF frequencies should be accurate to within

10% for conductivity and permittivity. Dalton et al. [6.32] used a parallel-
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electrode probe on the end of a parallel wire transmission line, with time
domain reflectometer equipment for a read-out of soil moisture and electrical
conductivity. The analysis assumes that the permittivity and the conductivity
are independen. of frequency, that the soil has a low loss tangent, and that
the end of the parallel-electrode probe is a perfect open circuit at all
frequencies. There are conditions (such as in dry, salt-free sand) for which
the method might give some useful, qualitative information.

There are a number of other methods for determining the electromagnetic
properties of materials in situ [6.33-6.37]. More recently, Scott and Smith
[6.38, 6.39] have shown how to use monopoles and more complicated probes to
measure the electromagnetic properties of granular and liquid materials.
Another approach, used in the petroleum industry, involves placing cavity-
backed antennas on borehole instruments. With this technique, the transit-
time and the attenuation of the electromagnetic waves are measured -- from
which the complex permittivity can be determined at a fixed frequency.

We have studied the information available and concluded that the four-
terminal ANA method -- although less convenient than in _situ schemes -- is
still the best measurement scheme for general use. We recommend that this
methcd be used to measure not only the electromagnetic properties of test

targets but also that of the background media.

D. Measuring the Electromagnetic Properties of Magnetic Materials

Many techniques for the measurement of the magnetic properties of
materials are available [6.40-6.42]. Most techniques for determining magnetic
susceptibility involve placing the sample in a weak uniform and time-varying
source field (less than 4 x 10 A/m) which does not saturate the sample, so
the initial susceptibility obtained is independent of the magnetizing field
and hysteresis effects are avoided. As Anderson [6.43] has noted, measurement
techniques often involve balancing a Maxwell inductance bridge with the sample
inserted into one solenoidal inductance arm of the bridge (figure 6.8).
Another approach is to mote the change in mutual reluctance between two coils
set up in a coaxial or orthogonal relation to each other when the magnetic
sample material is placed near the coils, calibrating the system with a

standard of known susceptibility and normalizing sample size to an equivalent
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half-space composed of material of identical susceptibility to the sample’s.
One paramagnetic standard often used for calibrating susceptibility bridge
measurements is ferrous ammonium sulfate FE(NH,), (S0,),:6H,0, with a molecular
weight of 392.15. The susceptibility of this salt is 32.6 x 10°® x 4w

ST units/g.

Figure 6.8 shows a typical susceptibility bridge which detects an
inductance change in test coil, C,, by action of the coil’s field on a sample
having unknown susceptibility. Coils C, and C, are solenoids carefully
matched for inductance. M, and M, are identical variable inductors. In
operation, the bridge is balanced with no specimen in either coil through
variable resistor R and inductor M;. The specimen is then inserted into C,
(test coil) and the bridge balanced with inductor M, where the inductance
adjustment is proportional to the susceptibility. Calibration of the induc-
tance M, may be achieved by balancing the bridge with a test tube containing a
known weight of a paramagnetic compound such as ferrous ammonium sulfate of
known susceptibility in the coil C,. Calibration is simply accomplished by
balancing the bridge with inductor M, when the test standard is placed in C,.
The test tube is then removed and bridge balanced with variable inductor M,.
The same test tube with the same amount of the same standard substance is
again inserted into coil C, and the bridge balanced with M,. This process is
repeated throughout the inductance range of C, so as to obtain a calibration
curve referred to the known standard. If ferrous ammonium sulfate is used, it
should be kept in a fresh, sealed bottle since the salt is slightly
hygroscopic.

In these techniques, the sample is energized with a low-frequency field.
This field must have a low-enough frequency that no conductivity response of
the sample will be observed. A model which provides a general rule of thumb
for the highest usable ac frequency is that of a conducting permeable sphere

in a uniform alternating magnetic field,
H = He vt (6.14)

as shown in figure 6.9. Ward [6.44) has slightly rewritten (for e 3! time

dependence) Wait's [6.45] original results for the in-phase M and out-of-phase
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N componeuts of the induced dipole moment of a sphere in a uniform alternating
magnetic field when the wavelength in the external host medium is much greater

than the radius of the sphere (lq,al << 1 where 7, = [jwp,0, + wﬁge‘]%):

2u,(tanae - a) - p,(a - tana + a’tana)

M- jN = | >
2p,(tana - a) + 2p,(a - tana + a’tana)

o = (jupo)ta. (6.15)

The in-phase and quadrature components of the induced dipole moment of a
sphere are shown plotted as a function of the response parameter of a sphere,
g = (woﬂh)wa, in figure 6.10. These components are shown in parametric
fashion for u,/u, = 1 (free space) to u,/u, = 1000 (steel sphere).

In order that the conductivity response of the sample be small,
fig. 6.10 shows that # = (wu,0,)a’ should be << 1. 1In the case of pure
magnetite, the permeability u, is approximately 1.5 x 47 x 107 H/m and the
conductivity o, is about 1.5 x 10* S/m. Thus, for a 2.5 cm diameter sphere
and the condition that § = 0.1, we find that the maximum allowable frequency
is approximately 400 Hz. The maximum allowable frequency for samples that are
considerably less conductive than pure magnetite may be higher while still
avoiding sample conductivity response. Wait'’s work [6.45] can alsoc be used to
quantitatively assess detection limits for both conductivity and permeability
contrasts.

A susceptibility meter was used in measuring the susceptibility of a
sand and magnetite mix provided to NIST by Lee Anderson of BRDEC (Belvoir
Research, Development and Engineering Center). The sample consists of silica
sand and magnetite of about 30 mesh size. The susceptibility meter is quite
portable (0.5 kg with dimensions of 190 x 80 x 30 mm, operating on one
disposable 9 V battery).

The meter contains two coils placed orthogonally to each other in the
detector head, which is mounted in the bottom of the instrument case (circuit
diagram shown in fig. 6.11). In a nonmagnetic environment the voltage induced
in the receiver coil by the transmitter coil is zero. When a sample is

brought near the coils, a voltage proportional to the magnetic susceptibility
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of the sample is induced in the receiver coil. The received signal is
detected by a phase-locked amplifier and after rectification is sent to drive
an analog panel meter, which is thermally compensated and directly calibrated
for susceptibility. Field strengths are less than 47 x 107 A-turns/m at
1000 Hz so that with the phase sensitive receiver circuit the influence of
electric conductivity in most samples is usually eliminated. As indicated by
Anderson [6.43], calibration is usually done for a half-space geometry, which
is convenient when measurements are performed in the field. When laboratory
samples are measured, a multiplicative correction factor should be applied
according to the soil sample size. A chart indicating this half-space
correction factor is given in figure 6.12 from information provided by the
manufacturer.

The silica sand-magnetite mixture’'s susceptibility (~330 g sample,
~50 mm diameter) was measured and found to be approximately 175000 x 107°
SI units uncorrected for sample size. Using a correction factor of 2.0 from
fig. 6.12, the susceptibility of the 330 g sample is about 350000 x 107°
SI units. For mine detection standards, such measurements can provide the
practical property range limits for which detection feasibility of various
mine detection systems can be judged. Similar comments can be made about
other physical property contrast limits, such as complex permittivity (as a

function of frequency), density, and acoustic velocity.

E. Recommendations and Conclusions

! We have stressed the importaﬁce of accurate test instrumentation for
characterizing the electromagnetic properties of target materials and test
lane media. Time domain methods show considerable promise for rapid and
straightforward measurement of complex permittivity and complex permeability.
We recommend that either time domain or frequency domain Automatic Network
Analyzers (ANAs) be used for this purpose. A considerable body of commercial,
off-the-shelf hardware and software already exists. The listing for a program
which we have been using is provided as Appendix VI.A.

We are aware of the Army’'s desire for in_situ measurements of u and €.
The need for such measurements in areas far from laboratory facilities and

where mine detectors are to be subjected to field testing is well established.
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We suggest that for permeability measurements the method described in

Section D of this chapter be used -- and that a laboratory network analyzer be
used to calibrate all such portable instruments belorehand. We are not aware
of any in situ techniques for measuring u and € which are both accurate and
wide-band. Perhaps some can be developed in the future. In the meantime, we
recommend that the permittivity measurements continue to be performed with

coaxial sample holders as described in Section B.2 and Section B.3.
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Figure 6.9
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VII. OBJECTIVE MEASURES OF DETECTOR PERFORMANCE

A. Introduction

Parameters affecting performance evaluations of electromagnetic mine
detection systems may be divided into two main categories. 1In the first
category are those factors that are not directly concerned with the detector’s
ability to find targets. Some of these parameters are cost, weight, battery
life, reliability, ease of operation, and ease of repair. Any attempt to
assign an overall figure of merit to a detector system should include weight-
ing factors for this category of parameters, but this task is not within the
expertise of NIST personnel and is best left to the Army.

The second category consists of those factors that do affect the
detector's ability to find targets. Within this category, we may consider two
different classes of performance measures. The first class addressed in this
chapter is detector-based performance measures. These include such parameters
as noise levels, detector dynamic range, operating frequency, bandwidth,
sensor height and tilt angle. The second class addressed is target-based
performance measures. These measures are essentially detector-independent and
include such parameters as target-earth permittivity (or conductivity or
permeability) contrast ratio, target size, target depth, and target shape.
What follows in this chapter is a discussion of detector-based performance
measures, target-based performance measures, and recommendations for detector

tests within both classes.

B. Detector-Based Performance Measures

Bl. Nolse Factor of Mine Detectors

If there were no noise at the receiver input of the mine detector and
none were generated by the receiver, sufficient amplification would result in
thé detection of any signal, even for a small contrast between the electro-
magnetic properties of the land mine and host soil. In reality, noise is
always present; consequently, amplification of a signal results in amplifica-
tion of noise as well. Furthermore, the minimum detectable signal power in

the receiver is limited by noise which can be attributed to the following
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internal and external sources: (a) equipment noise (amplifier or sensor
noise); (b) cosmic and atmospheric noise picked up by antenna; (c) man-made
interference (machinery, other radio transmitters), and (d) ground clutter.

If these noise sources were the only limiting factors affecting mine detec-
tion, then a suitable requirement would be that the secondary electromagnetic
fields due to the presence of a land mine would not be exceeded by these noise

sources.

Bl.1 Ideal System Noise Factor

The system noise factor of any ideal receiver may be simply defined as a
measure of the degradation of the signal-to-noise ratio as the signal passes
through the receiver (which depends on the design of the input stages and
frequency of operation of the receiver). The system noise factor, SNF, of a

mine detector is defined, therefore, as the power ratio of (S/N);, to (S/N)

out;
that is,
SNF=10 1 %
= 08,0 /Moy (7.1)

For an ideal receiver (S/N), = (S/N)mn, so SNF = 0 dB. Equation (7.1) is a
measurable quantity for evaluating mine detector performance and, in general,
depends both on operating frequency and another measurable quantity of the

x, . .
system, its dynamic range.

Bl1.2 Overall Operating Noise Factor

For a general receiving system free from the spurious effects of ground

clutter, the operating system noise factor [7.1-7.3] is given by

T T
£ o= £ o+ (4 DD+ zc(tt-l)(T:) + Ll (fy- 1), (7.2)

where fa = the external noise factor defined as

£, = p/KIb = T/T

a

. (7.3)
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p, = noise power available from an equivalent loss-free antenna in watts,

K = Boltzmann's constant = 1.38 x 107® J/K,

T, = reference temperature, taken as 288 K,

b = effective noise power bandwidth of the receiving system in hertz,

T, = effective antenna temperature in presence of external noise,

£, = antenna circuit loss (available input power/available output power),
T, = actual temperature, in kelvins, of the antenna system and nearby ground,
¢, = transmission line loss (available input power/available output power),
T, = actual temperature, in kelvins, of the transmission line,

fy = noise factor of the receiver,

F, = the external noise figure defined as

F, = 10 log f, (dBW) ,

Fy = the noise figure of receiver defined as

Fy = 10 log £, (dBW)

It T, = T, = T,, eq (7.2) becomes
f=f -1+ ¢ fd , (7.4)
Te
where fc =1+ (¢ - 1)(T°) (7.5)

is the noise factor associated with the antenna circuit losses and

T
£oo= 1+ (4 - 1T (7.6)

o]

is the noise factor associated with transmission line losses. For no antenna

circuit or transmission line losses, f is given by

£=f, - 1+f,. (7.7)
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Internal system noise can be closely controlled by the manufacturer for most
mine detection systems and may be quickly determined by BRDEC in validation
testing. External noise sources are less controllable; of these, atmospheric

and ground clutter are the least controllable.

Bl1.3 Atmospheric Noise

Spaulding [7.3] has given the minimum and maximum external noise figure
due to expected atmospheric noise as a function of frequency (from 0.1 Hz to
108 Hz). These are shown in figures 7.1 and 7.2 and take into account the
entire earth’'s surface, all seasons, and times of day. 1In the frequency range
0.1 Hz-10 kBz (that of most operating metal mine detection units), there is
very little seasonal, diurnal, or geographic variation. The variability in
the 100-120 kHz range is principally due to the variability of the earth-

ionosphere waveguide cutoff.

Relation (7.3) can be written
P, =F, + B - 204 dBW , (7.8)

where P, = 10 log p,, B = 10 log b, and 10 log KT, = -204. Lauber [7.4] has
given the expression for the vertical compdnent of the rms electric field
strength for a half-wave dipole in free space.

E, = F, + 20 log fy,, + B -99.0 dB (uV/m) . (7.9)
If we use a conversion factor of 1 uV/m = 33 pT for relating electric field
strengths to orthogonal magnetic field strengths and note that figures 7.1 and
7.2 may be used for vertical as well as horizontal magnetic field strength
noise levels [7.5] at any frequency and any effective antenna temperature, an
approximate value for the magnetic field strength atmospheric noise is given

by

H, + 4m x 10° /b (7.10)
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or

H, = 0.1 nT /b .

Cohn [7.6] has used the above nominal value for H  to plot primary coil
ampere-turns-per-coii diameter required to achieve a specified detection range
for a normalized target size of unity when external atmospheric noise is the
only limiting factor. An operating metal detector frequency of 2.5 kHz is
close to a local minimum of the external noise figure shown in figure 7.1
(127 dB), which takes into account the entire surface of the earth, all
seasons, and all times of day. Therefore, it is an optimal operating
frequency with respect to noise figures based on atmospheric sources. Figures
7.1 and 7.2 may be used in specifying the external atmospheric noise figure
for any operating frequency and effective antenna temperature.

A report [7.7] on the noise factor for mine detection systems where
signals due to ground clutter are specifically excluded has been written. In
this paper, an example is taken to show how analytic work may be used with
external atmospheric noise measurements to predict whether a given system
operating at a specified frequency and effective temperature would allow
detection of metal mine targets of specified sizes. In another report [7.8],
Geyer has pointed out that chere are optimal operating frequencies that
maximize the quadrature-induced multipole moments of buried metallic spheres
for any permeability and conductivity contrast between the sphere and host
soil and for a buried sphere with any diameter. Thus, there is a means in
metal-mine detection to choose an operating frequency that maximizes the
quadrature response for a given size mine target. Together with the results
described here, signal-to-noise ratios could then be determined so as to
predict whether that size target, at a given depth of burial, would yield a
threshold detection signal (signal exceeding overall operating noise factor by

at least 2 or 3 dB).

B2. Detector Dynamic Range

One of the most important measures to be considered in the evaluation of

mine detection systems is the mine detection probability that can be ascribed
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to a given system when the electromagnetic characteristics of the test target
and background soil are specified. The detection probability is defined as
the probability that the (target) signal, if present, will be detected. Given
the electromagnetic characteristics of metallic (or plastic) test standards
and background soil(s), as well as the overall operating noise factor of the
detection system, a threshold detectability level may be ascertained in
principle for any burial depth and size of the test standard.

The function of a mine detection system is to determine the presence or
absence of a buried mine. The maximum sensitivity of any system is governed
by the threshold of detection. This threshold in turn is set at a level based
on a tolerable false alarm rate. A false alarm results from an occasional
level of noise exceeding the system threshold. Since system sensitivity is of
prime importance, it is necessary to examine the relationship among noise (for
the types of noise previously categorized), bandwidth, threshold, and false
alarm rate.

Threshold and signal-to-noise requirements for mine detection are
reviewec by Geyer [7.7]. The probability of a false alarm can be ascertained
once a tolerable false alarm rate and the bandwidth of the detection system
are determined. From the estimated false alarm probability and noise vari-
ance, a detection threshold may be simply calculated. Finally, minimum
acceptable signal-to-noise ratios for any probability of successful detection
and any false alarm probability can then be evaluated. Any mine detection
system having a high threshold of detection (or low sensitivity) would be
given a low figure of merit. Conversely, any detection system that has high
sensitivity, or at least variable threshold levels of detection, would be
given a higher performance rating. High sensitivity for variable detection
thresholds usually mean that the system intrinsically has greater dynamic
range.

A minimal detection requirement is that the signal output from measured
electromagnetic fields perturbed by a land mine (for systems with earphones)
be at least 2 or 3 dB above the overall operating noise factor of the system
in order to be resolvable. Systems that depend on the normal hearing thresh-
old (approximately a rms sound pressure of 2 x 10™® N/m* at 1 kHz), as well as

the smallest discernable change in audible level (2 or 3 dB), are therefore
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inherently limited in sensitivity. This is a critical systems engineering
requirement that should be addressed.

Ensuring signal levels that are at least 2 or 3 dB over the overall
operating noise factor of the system (defining signal as that due to the
presence of a mine) may or may not always be possible, even when the mine is
electromagnetically visible. Such assurance will demand a thorough broadband
analysis of the ground clutter problem, since system internal noise can be
controlled and since system engineering considerations can be used to overcome

external atmospheric noise sources.

B3. Susceptibility to Ground Clutter

While it is possible to evaluate the performance of any mine detection
system under controlled circumstances having minimal or no ground clutter, it
is more difficult to predict the operation of that system on the battlefield.
A mine detection system can be tested and shown to have the highest overall
figure of merit based on weighted experimental parameters discussed to this
point -- but could fail to detect a mine in the field where the external noise
due to ground clutter is high.

Ground clutter includes the natural effects of an inhomogeneuus and/or
dispersive host medium in which the mine target resides, as well as effects of
surface roughness. Other types of ground clutter could stem from surface or
buried cultural debris such as spent shells or artillery (see fig 7.3).

Unwanted signals due to ground clutter can be the most important
contributor to the overall operating noise factor. This source of noise,
which can give large numbers of nuisance or false alarms, is currently
difficult to quantify in a meaningful way. Only if there is spatial or
temporal resolvability of the signal in the presence of clutter can there be
hope of taking fruitful measures to minimize the effects of interfering
signals on target signals. Furthermore, it would be useful to know whether,
if any mine detection system incorporated an optimally matched filter as part
of its system design, spectral resolvability exists between the mine target
signal S(w) and unwanted noise signals N(w) -- and, if so, under what coﬁdi-
tions. Thus it would be desirable to have a generalized solution to the model

illustrated in figure 7.3 which (1) is broadband (not frequency limited); (2)
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incorporates ground clutter: (7; allows spatially variant and dispersive
py(riw), €,(r;w), o,(r;w); and (4) can be applied to weak or strong scattering
targets.

Such an analysis would provide insight into system design specifications
and lead, in general, to the ultimate goal -- better detection capability. It
is difficult to conceive how present mine detection systems undergoing test
validation would perform better in a cluttered environment than in highly
controlled, standardized test environments as previously discussed,
Consequently, the BRDEC approach of highly controlled validation testing is
probably sufficient for comparative performance evaluations of existing
detection systems. Geyer [7.8] has outlined an exact deterministic approach
to the analysis of ground clutter for an arbitrary dispersive and spatially

variant background medium and for an arbitrary incident source field.

B4. Optimally Matched Filter Characteristics

One approach to attacking the ground clutter problem and to increasing
the detection probability is to know the (near-field) frequency spectrum S(w)
(or averaged frequency spectrum <S(w)>) of the input target (land mine)
signal. Once S(w) is given for an ensemble of specified targets, it is not
only possible to incorporate adaptive thresholding, but also to design an
optimally matched filter transfer function, H(w), for a mine detection system

operating in the presence of white Gaussian noise; that is,
H(w) = S*(w) , (7.11)

where S(w) is the frequency spectrum of the input (target) signal s(t) and
S*(w) is the complex conjugate of S(w). A mine detection device that has a
system response given by eq (7.11) is the optimal detection system in the
sense of maximizing signal relative to average noise power. We could there-
fore place a higher figure of merit on a mine detector éonfigured such that

the output response O(w) for a given test standard S(w) is given by

O0(w) = S(w) S*(w) (7.12)

7-8




Ground clutter may or may not be white Gaussian in character. If not, it
would be possible to design a Wiener-Hopf filter, optimal in the least squares

sense; that is,

& (w)
- S
Hopt (W) = g0y + 8 (@)

(7.13)

when noise is uncorrelated with the desired signal output and where &(w),
$,(w) are the signal and noise power spectra. Future decection systems may
well incorporate a Wiener-Hopf filter. Such incorporation will await more

definitive work on characterizing &(w).

BS. Sensitivity to Detector Height above Earth'’s Surface and Pattern
Signatures

Smith [7.9] has investigated the directive transmission characteristics
of horizontal electric and magnetic dipoles over a dielectric half-space by
expressing the field of a general antenna over that half-space as a spectrum
of plane waves [7.10]. He then asymptotically evaluates the integrals repre-
senting the far field so as to define pattern function, gain, and directivity
of the horizontal electric or magnetic dipole antenna as a function of height
above the earth.

More recently, Hill {7.11] has considered the specific case of oppositely
directed horizontal electric dipole antennas, such as are found in the
AN/PRS-7 plastic mine detector (see fig 7.4). A null always exists for the
AN/PRS-7 in the directions normal to the air-earth interface from the detector
head (spatially midway between the oppositely directed dipole antennas) -- in
the absence of a lateral change in complex pérmittivity.

We can, however, examine the effect of antenna height on the field for
fixed observation points either in the earth or in the air. This is illus-
trate in figures 7.5 and 7.6, which clearly show the desirable and expected
increase in subsurface fields (and decrease in the fields in the air), as the
antenna is brought closer to the earth’s surface. Generally, electromagnetic
field enhancement in the earth will always occur as the source antenna is

brought closer to the air-earth interface, regardless of the type of source
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excitation or antenna configuration. The actual enhancement will depend on
the specific antenna. Proper comparisons in land mine validation testing
should maintain the same detector head height above the earth’s surface.

Hill (7.12] has also shown the far-field H-plane multiple-lobe pattern
that can occur over a uniform half-space having high dielectric contrast,
€'/€, = 80 (see fig 7.7). For 1 < €'/€, < 4, this complex pattern does not
occur. This H-plane multiple-lobe pattern (more nulls than at § = 0°, 90°,
and 180°) is undesirable in any plastic mine detection system and should be
avoided, since it would be difficult to distinguish several closely spaced
targets from single buried ones. Any mine detector that has a multiple-lobe
signature pattern (more than two side lobes) for the maximum expected ratio of
€'/€, should be ascribed a lower figure of merit.

The variations in sensor head height over a given sweep time (which are
likely to occur in field operations) could lead to signals greater than what
might be expected from a buried weak scattering target (such as a plastic mine
in dry sand). One seemingly simple systems approach for handling this problem
would be to incorporate within the detection head an ultrasonic or infrared
range finder that would allow feedback system signal corrections to be made in

real time in accordance with theoretical near-field analysis [7.12].

C. Target-Based Performance Measures

Cl. Sensitivity to Specified Complex Permittivity Contrasts

One of the important parameters needed in evaluating the performance of
any land mine detection system is that system’s sensitivity to specified
complex permittivity contrasts. For example, a preliminary set of background
media for validation testing of both plastic and metal mine detectors has
already been submitted and will be reviewed below. Because mine detectors may
have differing operating frequencies or be broadband operationally, it is
important to understand dielectric dispersion in test soils so as to be
cognizant of various dielectric relaxation processes affecting the validation
testing. It is also important to recognize these processes so that

standardized test conditions may be properly controlled and so that mine
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detector performance evaluations are properly made (that is, mine detectors
correctly compared) in the light of actual measured electrical contrasts.
Several cases may be listed and generally characterized in terms of
conductivity and permittivity contrasts as representative of the differing
electrical environments likely to be encountered in either plastic or metallic

mine detection.

C2. Sensitivity to Target Size

Previous analytic studies performed for BRDEC [7.13, 7.14] have
demonstrated that anomalous signals generated by a buried land mine, whether
metal or plastic, are proportional to target volume in the frequency range
used by most detection systems. Most cw mine detection systems currently
available operate in the Rayleigh scattering region insofar as mine detection
is concerned; that is, the electrical size of the target mine is small
compared to the wavelength in the surrounding medium. Hence, shape informa-
tion, which could lead to a reduction in the false alarm rate, cannot be
directly ascertained from signals measured by most mine detectors.

Hill [7.14] has used the Born approximation to derive the plane wave
scattering matrix [7.10] for objects of low dielectric contrast. He has also
considered the shape dependence of scattered (plane wave) electromagnetic
fields for the cases of a sphere, a cube, ond a cylinder whose electrical
properties simulated a plastic (nylon) land mine. These shapes bracket all
those likely to be encountered in land mines. Although some shape dependence
in the scattered field was determined (see fig 7.8), it would be difficult to
determine and use in the field as a basis for discriminating against unwanted
ground clutter signals without a priori knowledge of the target volume itself
-- even with conceivable multiple look angles of the target with spatially
variable transmitter-receiver configurations.

For this reason, we have submitted copper right circular cylinders that
might be used as metallic test object standards and both nylon and-teflon
spheres that might be used as plastic test object standards. These standards
can be used in a discriminatory fashion in mine detector validation tests by
parametricélly changing the target volume for a given burial depth and host-

target electrical property contrast. If a mine detection system is unable to
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detect the largest standard, it will be unable to detect smaller standards
(~11 other factors being equal). Similarly, if a mine detector cannot sense
the piesence of a buried land mine where the electrical property contrast is
high, it surely will not sense mine when the contrast is low (all other

factors being equal).

73. Sensitivity to Burial Depth

One of the more important parameters to be considered in assigning a
figure of merit to any mine detection system is its detection sensitivity to a
prescribed burial depth of a given land mine. The functional dependence with
depth of plane electromagnetic waves traveling in a uniform, isotropic earth

is exponential, that is, proportional to e 1% (4z is positive downward), or

e 12 o o (wfuolk 2 o-ilafuolh z (7.14)

where pu is the (real) magnetic permeability, o is the (real) conductivity, and
f is the operating frequency. The well-known skin depth, that is, the
distance within the earth at which the amplitudes of the electric and magnetic
field vectors are attenuated to l/e = 0.3679 of their respective values at the
surface, is

%
y = 1

-R-e—('yj, o >> WeE . (7.15)

= 1
Zskin depth ("flw

The plane-wave skin depth gives an effective depth of penetration and can te
used as a rule of thumb for effective search depths of a mine detector in
conductive soils, even though field excitation is not plane wave.

For a nominal ground conductivity of 0.1 S/m and magnetic permeability
approximately equal to that of free space (47 x 107H/m), we see that the skin
depth is roughly 30 m at 2500 Hz. Hence, highly conducting soils would not be
expected to inhibit search depths of most metal mine detectors. However, the
effective search depth of a plastic land mine detection unit operating at
250 MHz in the same conductive soil environment would only be about 0.1 m, a
depth which is less than the maximum probable depth of mine burial (0.3 m).
Effective search depths should at least be 0.3 m in the worst case likely to
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be encountered - - that of an elcectrically lossy environment -- for all cw mine
detection systems. The easiest way to control this is to lower the operating
frequency.

Dispersion phlenomena are evident whenever the host medium is lossy.
Therefore, two mine detection units operating at widely different frequencies
would sense differing electrical property contrasts, all other factors being
equal. It is important to be able to predict when favorable electrical
contrast between the mine and the background medium can be expected. Such
information allows proper comparisons among various mine detection systems to
be made.

Although the expected dielectric contrast and hence visibillity of a
(plastic or metallic) land mine increases with decreasing frequency (which
would increase the detection range performance), spatial resolution and shape
definition do not. In this regard, Cohn [7.6] has considered the quasistatic
effects of variation in height of the search head on measured signals and
detection range, assuming that the attendant signal variations (due to
conductive or magnetically permeable ground) remain uncancelled. It would be
desirable, if practical, to have as broadband a detection response as possible
under the attenuation constraints imposed by a lossy background test medium.

It is advisable to make sensitivity tests of land mine burial depth in a
conductive host soil environment at the maximum probable depth of mine burial.
[t any mine detection system is unable to sense a given mine at the surface

(or in free space), it will be unable to do so when buried in a lossy medium.

C4. Sensitivity to Target Shape

Anomalous signals generated by a buried land mine, whether metal or
plastic, are proportional to target volume in the frequency range used by most
detection systems. A means for discriminating among different target shapes
(target classification) is vital to reducing the false alarm rate at any given
detection threshold and for increasing the detection probability. Such a
discrimination capability is closely akin to the susceptibility of that system
to unwanted ground clutter in the external noise factor. Any mine detection
system having shape discrimination capability would, all other factors being

equal, command a high figure of merit.
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Target classification may be viewed as a crude form of inverse scattering
that determines which of many body shapes is most consistent with the measured
scattered field data. The scattered electromagnetic field produced by either
a conducting or dielectric body in the presence of an incident wave is
described by Maxwell's equations. Since these fields are determined by the
relative positions of the constituent parts of scattering body surface (the
boundary condition), it might be expected that, in general, the character-
istics of the scattered field would be different for different object geome-
tries. The most desirable mine classification scheme would produce an image
displaying the shape and size of the object being illuminated. Such a
detection system would effectively solve the inverse scattering problem, which
is determining the boundary conditions from the received waveform.

As expected, there are preferred frequencies for indicating the shape and
size of a target. In the theory of scattering, three roughly defined fre-
quency regions are of interest: the Rayleigh, the resonance, and the optical
regions, where the wavelength of the incident field is much larger, of the
same order, or much smaller than the size of the target, respectively. With
illumination in the Rayleigh region, the scattered field describes the volume
of the target (7.15]. The character of the backscattered field in the optical
region, on the other hand, is indicative of the principal curvatures of the
target'’s specular points. Illumination in the resonancz region gives rise to
surface currents that circulate the body surface (into what would be the
optical shadow areas) and reradiate. Resonance region illumination is
generally considered most efficacious for target shape and size determination
using multiple frequency measurements.

Chan and Peters [7.16), in an elegant attempt to characterize the effects
of buried cultural debris and to distinguish such effects from the expected
signals of buried land mines, have examined some target resonant phenomena
using broadband (short pulse ground radar) detection systems. Preliminary
results suggest that schemes either to eliminate or to process found clutter
will rely on broadband detection systems. Of course, the principal limita-
tions in deducing shape information from resonance phenomena are the attenu-
ation constraints imposed by the lossy background test medium when a

validation test is performed at the maximum expected depth of burial (0.3 m).
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In conclusion, shape discrimination is one of the more important
attributes that could give future (broadband) mine detection systems a high
figure of merit in validation tests. Because few of the land mine detection
systems presently available have demonstrated capability for shape discrimin-
ation, however, it will probably have a low weight in any performance matrix

that BRDEC decides upon.

D. NIST Recommendations and Conclusions

Although it may eventually be possible to develop a set of performance
measures that are solely detector-based, we have concluded that this approach
is not feasible at this time. Using a "radar equation" approach, whereby the
measurement of such detector characteristics as antenna gain and beam pattern,
detector noise factuc, operating frequency and bandwidth, and dynamic range,
would yield a quantitative estimate for probability of target detection and/or
false alarm rate, is not considered possible with present knowledge. The
designers of detectors, of course, must concern themselves with parameters
such as these, and qualitative relationships among these parameters and
probability of detection do exist. However, all the necessary quantitative,
functional relationships are not now known, and, in any event, the measurement
of all of the necessary detector parameters would prove excessivly difficult,
time consuming, and expensive. Fortunately, there is a better procedure
which, for the most part, avoids the necessity for measuring any detector

parameters. This procedure is described below.

D1. Recommended Target-Based Tests

The ability to comparatively measure the efficacy of electromagnetic mine
detectors (existing models as well as future ones) may simply be realized by
ethe construction of a set of target-earth (est lanes. Chapter VIII
(Suggested Future Work) contains our plans for implementing such lanes;
described here is an outline of the basic concept. Input from the Army will
be required in order to design the specifics of these tests to achieve the
most realistic test conditions.

Listed below are some recommended target-based tests that use our concept

of rigid-matrix soil and target standards. The advantages of this system have
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already been addressed in chapters IV, V, and VI. Also, another advantage of
this rigid-matrix approach is that future additional tests, such as additional

soil types or different targets, can be added to this system quite easily.

D1.1 Contrast Ratio Tests

For the five background rigid-matrix soil standards initially
recommended, target standards (spheres or cylinders) of equal volume would be
embedded that have varying contrast ratios of permittivity, conductivity
and/or permeability. By burying the targets with equal depths and orienta-
tions, and analogous to a physician's eye chart, the objective of this test
would be to see how many of the targets could be detected as they vary in

contrast from high to practically transparent.

D1.2 Burial Depth Tests

These tests would involve embedding sets of the same standard target at
increasing burial depths. The objective of these tests, again, would be to
see how many of these targets could be detected. The size, shape, orienta-

tion, and contrast ratio of che targets would be constant.

D1.3 Target Volume Tests

These tests would involve embedding targets with incrementally decreasing
volumes (sizes) while holding the depth, contrast ratio shape, and orientation
constant. The objective, as with virtually all of these tests, would be

simply to record how many of these targets could be detected.

D1.4 Target Shape Tests

These tests would consist of varying the shape of targets with constant
volume, depth, orientation and contrast ratio. One example of this test would
be to vary the target shape from flat disks to thin rods. Again, the objec-

tive would be to see how many of these targets could be detected.
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D1.5 Target Orientation Tests

These tests would consist of varying the orientation of a target of fixed
size, shape, depth and contrast ratio. For example, the targets could be a
set of identical cylinders which are embedded in the rigid-matrix soil stan-
dards at incremental angles from 0° to 90° from horizontal. As usual, the
objective would be to see whether the detector could find any or all of the

targets.

D1.6 Target Resolution Tests

These tests would consist of varying the distance between two targets
(either identical or differing in some parameter) and measuring the detector'’'s
ability to individually resolve the two targets. The objective of these tests
would be to determine the minimum target spacing at which the detector could

indicate that two targets are present.

D1.7 Realistic Mine Target Tests

In addition to using standard targets with somewhat idealized shapc:z, as
in the six tests above, more realistic replicas of actual known mines could be
embedded in the rigid-matrix soil standards with varying depths, orientations,
spacings, and so on, to test the detector’'s ability to find realistic targets.
Fabricating these replicas can also be accomplished with the same rigid-matrix
techniques as are developed for making the soil standards. Also, along with
controlling the electromagnetic constituent properties of the replicas, it
would not be difficult to add other realistic properties such as firing pins

and air gaps.

D1.8 Surface Clutter Tests

As a more sophisticated set of tests, the surfaces of the rigid-matrix
bricks could be cut or molded to simulate earth surfaces that are not flat and
smooth. Both periodic and random surface profiles could easily be realized

with this rigid-matrix technique. Since the surface profiles, once cut or
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molded into the bricks, would remain constant, the repeatability of the tests

would be ensured.

D1.9 Volume Clutter Tests

Again, for a more sophisticated set of tests, other benign objects such
as rocks, tree roots, or metal shrapnel, could be embedded in the rigid-matrix
soil standard bricks along with targets to test the ability of the detector to

discriminate between actual targets and other volume inhomogeneities.

D1.10 Earth Stratification Tests

A more sophisticated set of tests would be stratifying the electro-
magnetic constituent properties of the rigid-matrix soil standards in order to
test the detector's ability to "see through" the discontinuities introduced by
these differing strata. Fabricating stratified rigid-matrix bricks should
pose little more difficulty than that involved with homogeneous bricks.

These tests listed above are intended to be only indicative of the
possibilities that would be realizable with our rigid-matrix soil (and target)
standard approach. Practically all of the undesirable characteristics
associated with the use of natural soils, synthetic loose-matrix soils and
liquids, as listed in chapter V, would be eliminated by our recommended
approach. Discussions with Army Belvoir persornel will be . required to

ascertain the exact parameter values and test Jarget configurations that best

suit the Army’s needs.

D2. Detector Test Methodologies

Once the mine target test range has been designed, specified and
installed, a set of actual detector test methodologies must be specified.
What follows is a list of possible detector tests that we think will be
required in order to adequately compare the performance of various mine
detectors under realistic conditions. Any of the following tests can be

performed for any of the target configurations.
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D2.1 Sensor Velocity Tests

Over any or all of the target tests, the velocity of the detector sensor
(search head) would be incrementally varied over a reasonable range (as
dictated by the Army’s needs and the detector manufacturer's operating
specifications). 1In this manner, the detector’s sensitivity to sensor
velocity variations could be evaluated simply by observing the number of

targets detected at each velocity.

D2.2 Sensor Tilt Angle Tests

Again, during the target tests, the tilt angle of the detector sensor
would be incrementally varied over a reasonable range. Similarly to the
velocity tests, the detector’'s sensitivity to tilt angle variations could be

evaluated simply by observing the number of detected targets.

D2.3 Pendulum Tests

As somewhat more realistic motion test, it might be desirable to combine
the above two tests by moving the detector sensor over the desired targets
along the arc of a circle or some other curve, such as might occur when an
operator swings the detector back and forth. The implementation of the motion

tests is addressed in chapter VIII.

D2.4 Spatial Accuracy Tests

With knowledge of both the target position and detector sensor position
at the moment of target detection, it is possible to measure the detector’s
ability to locate the position of the target accurately in both X and Y
coordinates. As stated in chapter VIII, this can be accomplished by.modifying

and automating the Army’s existing overhead trolley system.

D2.5 Detector Sensor Height Tests

In combination with the velocity, tilt angle and/or pendulum tests
described above, the height of the detector sensor above the surface would be
varied over a reasonable range (again determined by the detector manufac-

turer's operating specifications and the needs of the Army). Again, all of
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these tests could be accomplished by modification of the Army's existing
trolley system as outlined in chapter VIII.

Almost certainly, the Army will consider some of these tests unnecessary,
and think other tests are necessary. One of the key advantages to our
approach to test standardization is its flexibility. Once the basic system of
rigid-matrix soil standards, standard and realistic targets, and automated
trolley motion is installed, it should be quite easy and cost effective to

make changes or add tests as future experience and needs dictate.
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Minimum (B) and maximum (C) atmospheric noise figure vs frequency.
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Figure 7.4 Oppositely directed dipoles at height h above the earth.
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VIII. SUGGESTED FUTURE WORK

The additional work that NIST believes necessary may be broken down into
two major tasks. What follows is a brief narrative describing these suggested
tasks. Detailed discussions with Army personnel will be required in order to

develop a suitable work statement that will meet the needs of the Army.

Task 1.

The first and largest task would be to modify the Army'’s existing mine
detector test lanes at Fort Belvoir in order to install a set of five
different rigid-matrix soil standard test lanes. The five different soil
standards would simulate natural soils over a broad band of frequencies
(approximately 10 MHz to 5 GHz for the nonmetallic object test lanes and 1 kHz
to 10 MHz for the metallic object test lanes) as well as a broad range of
ambient temperatures. As presently conceived, the five soil standards would
simulate the following natural soil types: dry sand, damp loam, wet loam,
high-conductivity sand, and high-permeability sand. The last two soil types
are intended for testing metal detectors. The major subtasks necessary to

accomplish this work are:

1. Engineering studies to choose the optimum material to serve as a
rigid binding agent for the rigid-matrix soil standard bricks.
Consultation with one or more polymer and/or cement chemists may be

necessary to complete this study.

2. Fabrication experiments and electromagnetic constituent property
measurements with experimental brick materials in order to learn how
to make bricks that simulate the five soil types mentioned above, and
that meet all of our other requirements (for example, strength,

stability, homogeneity, toughness, and property accuracy).

3. Design and construction of standard and realistic replica mine
targets, as necessary, to be embedded in bricks for the detector

tests.
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4. Development of techniques, based in elther the frequency domain or
the time domain, to calibrate the electromagnetic property values of

both the soil bricks and the standard targets.

5. Design of the configuration of the test lane systems including such
items as liner material, depth and volume requirements, electro-
magnetic field absorber material requirements, and maintenance

requirements.

6. Fabrication of a sufficient number of bricks (with embedded targets)

to meet the desired volume requirements of the test lanes.
7. Modification of the Army's existing mine test lanes facility.

8. Evaluation of the modified lanes to ensure that they meet

requirements and specifications.

9. On-site technology transfer by adequate documentation and on-site
training of Army personnel. (The Army will be responsible for
providing personnel with adequate skills for training on the

operation, calibration and maintenance of the test lanes.)

Task 2.

The other suggested task is the modification and automation of the Army’s
cxisting overhead trolley system so that the envisioned mine detector tests
can be carried out automatically under computer control. With the required
large number of tests, as outlined in chapter VII, automation of this system
would speed up the testing process enormously. In addition, automation would
remove the human element and thus make the tests more accurate and repeatable.

The major subtasks for this suggested work are:

1. Aualysis of the present overhead trolley system to determine what
portions of the system, if any, could be incorporated into the new

design.
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2. Design of the trolley system including overhead rail structures,

robotic arm, motion control systems, and computer system.

3. Construction and testing of a prototype system.

4. Development of necessary computer software for control of the system

and mine detector testing.

(Wal

Installation of the system over the test lanes at Fort Belvoir.
6. Testing and debugging of the system.

7. On-site technology transfer via adequate documentation and on-site

training of Army personnel.

We think that if this suggested work is accomplished the Army would have
a stable, accurate, automated mine detector test range that should more than
meet the Army’s needs, now and into the future. With the rigid-matrix
technology for both soil standards and target standards, virtually all of the
problems associated with natural soils, dry synthetic soils, or liquid
synthetic soils will be eliminated. 1In addition, the entire system will be
both flexible and expandable. The configuration of the test lanes would be
easily changeable, simply by moving bricks and making simple program changes
in the test software. New simulated soil types would be realized easily,
simply by fakricating and installing additional bricks. In short, we are
confident that this system will finally overcome most of the problems that the
Army has endured for many years with respect to the evaluation of mine

detectors.

8-3




BIBLIOGRAPHY

Afsar, M. N.; Birch, J. R.; Clarke, R. N. The measurement of properties of
materials. Proc. IEEE; 1986; 74(1): 183-199.

Akimoto, S. Magnetic properties of ferromagnetic oxide minerals as a basis of
rock magnetism. Adv. Phys.; 1957; 6(288).

Alvarez, R. Complex dielectric permittivity in rocks: a method for its
measurement and analysis. Geophysics; 1973; 38: 920-940.

Barringer, A. R. The use of audio and radio frequency pulses for terrain
sensing. Proc., 2nd Symposium on Remote Sensing of Environment, Center for
Remote Sensing Information and Analysis, Willow Run Laboratories; University
of Michigan; 1963: 201-214.

Barsis, A. P. Performance predictions for single tropospheric communication
links and for several links in tandem. International Radio Consultative
Committee worldwide minimum external noise levels, 0.1 Hz to 100 GHz; 1983.
Report No. 3220-2.

Beckman, P. Probability in communication engineering. New York, NY:
Harcourt, Brace and World, Inc.; 1967.

Bethe, H. A.; Schwinger, J. Perturbation theory of resonant cavities; 1943;
NRDC Rpt. D2-117.

Birnbaum, G.; Franeau, J. Measurement of the dielectric constant and loss of
solids and liquids by a cavity perturbation method. J. Appl. Phys.; 1949; 20:
817-818.

Bockris, J.; Gileady; Muller, K. Dielectric relaxation in the electric double
layer. J. Chem. Physics; 1966; 44: 1445-1456.

Bottreau, A. M.; Dutuit, Y.; Moreau, J. On a multiple reflection time-domain
method in dielectric spectroscopy: Application to the study of some normal
primary alcohols. J. Chem. Phys.; 1977; 66(8): 3331-3336.

Broadhurst, M. G.; et al. A dielectric phantom material for electromagnetic
radiation; 1986; NBS report for the Div. of Medical Engineering, Center for
Devices and Radiological Health, Food and Drug Administration; 60 p.

Brumley, S. A.; et al. Far-field electromagnetic principles applied to mine

detection. U.S. Army Belvoir R & D Center, Contract No. DAAK 70-86-C-0072;
June 1987; Final Report.

B-1




Burrell, G. A.; Munk, B. A. The array scanning method and applying it to
determine the impedance of linear antennas In a lossy half space. The Ohio
State University ElectroScience Lab. Dept. of Electrical Engineering
(prepared under Contract DAAGH3-76-C-0179 for U.S. Army Mobility Equipment
Research and Development Command, Ft, Belvoir, VA 22060); 1976; Technical
Report 4460-1.

Burvell, G. A.; Peters, Jr., L.; Terzuoli, Jr., A. J. The propagation of
vlectromagnetic video palses with application to subsurface radar for tunnel
application. The Ohio State University ElectroSclience Lab, Dept. of
Flectrical Engineering (prepared under Contract DAAG53-76-C-0179 for U.S. Army
Mobility Equipment Research and Development Command, Ft. Belvoir, VA 20060);
Technical Report 4460-2.

Burrell, G. A.; Peters, Jr., L. Pulse propagation in lossy media using the
low-frequency window for video pulse radar application. Proc. IEEE 67; 1979;

No. /.

Rurrell, G. A.; Richmond, J. H.; Peters, Jr., L.; Tran, H. B. Acoustic,
clectromagnetic and elastic wave scattering -- Focus on T-matrix approach.
A scattering model for detection of tunnels using video pulse radar in
systems. New York: Pergamon Press; 1979: 667-683.

Bussey, H. E. Dielectric measurements in a shielded open circuit coaxial
line. 1EEE Trans. IM; 1980; IM-29(2): 120-124.

Bussey, H. E. Measurement of RF properties of materials: a survey.
Proc. TEEE; 1967; 55: 1046-1053.

Caldecott, R.; et al. A radio frequency probe to measure solid electrical
parameters; January 22, 1985; Final Report 715616-4; Ohio State University
ElectroScience Lab., Columbus, Ohio.

Chan, L. C. Subsurface electromagnetic target characterization and
identification. The Ohio State University; 1979; Ph.D. dissertation.

Chan, L. C.; Moffatt, D. L.; and Peters, Jr., L. A characterization of
subsurface radar targets. Proc. IEEE 67; 1979; No. 7: 991-1001.

Chan, L. C.; Moffatt, D. L.; and Peters, Jr., L. Estimation of the complex
natural resonances from a class of subsurface targets. Acoustic, electro-
magnetic, and elastic wave scattering--focus on T-matrix approach. New York:
Pergamon Press; 1979: 453-463.

Chan, L. C.; Moffatt, D. L.; and Peters, Jr., L. Improved performance of a
subsurface radar target identification system through antenna design. IEEE
Trans. on Antennas and Prop.; 1981; AP-29(No. 2): 307-312.

Chan, L. C.; Moffatt, D. L.; and Peters, Jr., L. Subsurface radar target

imaging estimates. ITEEE Trans. on Antennas and Prop.; 1981, AP-29(No. 2):
413-418.

B-2




Cohn, G. 1. Low frequency electromagnetic induction techniques; 1973; Tech.
Essays, Army Countermine Study Report.

Cole, K. S.; Cole, R. H. Dispersion and absorption in dielectrics. J. Chen.
Physics; 1941; 9: 341-351.

Conbau, G.; Schwering, F. On the guided propagation of electromagnetic wave
beams. IRE Trans.; 1961; AP-9: 248-256.

Cook, R. J. Microwave cavity methods, in high frequency dielectric
measurements; 1973; J. Chamberlain and G. W. Chantry, ed., IPC Science &
Technology Press: 12-27.

Cook, R. J.; Jones, R. G.; Rosenberg, C. R. Compariscii of cavity and open
resonator measurements of permittivity and loss angle at 35 GHz. IEEE Trans.;
1974; IM-23: 438-442.

Cullen, A. L.; Nagenthiram, P.; Williams, A. D. Improvement in open resonator
permittivity measurement. Electron. Letters; 1972; Vol. 8: 577-579.

Cullen, A. L.; Nagenthiram, P.; Williams, A. D. A variational approach to the
theory of the open resonator. Proc. R. Soc. A.; 1972; 329: 153-169.

Cullen, A. L.; Yu, P. K. The accurate measurement of permittivity by means of
an open resonator. Proc. R. Soc. A.; 1971; 325: 493-509.

Culshaw, W.; Anderson, M. V. Measurement of permittivity and dielectric loss
with a millimeter wave Fabry-Perot interferometer. Proc. IEEE; 1962; 109(B),
Suppl. 23: 820-826.

Dalton, F. N.; et al. Time-domain reflectometry: Simultaneous measurement of
soil water content and electrical conductivity with a single probe. Science;
June 1, 1984; 224: 989-990.

Davenport, W. B.; Root, W. L. Random signals and noise. New York, NY:
McGraw-Hill Book Co.; 1970.

David, J. L. Relative permittivity measurements of a sand and clay soil
in situ. Geological Survey of Canada; 1975; Paper 75-1C: 361-363.

Daridson, D. W.; Cole, R. H. Dielectric relaxation in glycerol propylene
glycol, and n-propanol. J. Chem. Phys.; 1951; 29: 1484-1490C.

Davis, C. W.; Peters, Jr., L. Characteristics of a video pulse radar system
operating in the high frequency window at the Hazel A. mine near Gold Hill,
Colorado. The Ohio State University ElectroScience Lab., Dept. of Electrical
Engineering; 1979; Technical Report 784460-8.

Davis, C. W.; Peters, Jr., L. Application of a video pulse radar system to
detect tunnels at the Curtis School Yard in Trumbull County, Ohio. The Ohio
State University ElectroScience Lab., Dept. of Electrical Engineering; 1979;
Technical Report 78440-7.

B-3




Davis, III, C. W. A computational model for subsurface propagation and
scattering for antennas in the presence of a conducting half space. The Ohio
Statc Uni-—voity ElectroScience Lab., Dept. of Electrical Engineering; 1979;
Technical Report 4/79X-7.

Davis, J. L; Topp, G. C.; Omran, A. P. Measuring soil water content in situ
using time-domain reflectometry techniques. Geological Survey of Canada;
1977, Papexr /7/7-1B: 33-36.

Debye, P Polar molecules. Dover Publications: New York; 1929.
Debye, P. Polar molecules. New York, NY: Chemical Catalog Co.; 1899.

Degenford, J. A quasi-optic technique for measuring dielectric loss tangents.
IEEE Trans.; 1968; IM-17: 413-417.

Degenford, J.; Coleman, P. D. A quasi-optics perturbation technique for
measuring dielectric constants. Proc. I1EEE; 1966; 54: 520-522.

Dines, A.; Lytle, R. J. Computerized geophysical tomography. Proc. IEEE;
1979; 67: No. 7.

Dobson, M. C.; et al. Microwave dielectric behavior of wet soil. 1EEE Trans.
on Geosci. & Remote Sensing; January 1985; Vol. GE-23; 1: 35-46.

Dukhin, S. S. Dielectric properties of disperse systems in Matijevic, E.
Surface and colloid science. E., ed. New York, NY: Wiley Interscience; 1969;
v. 3: 83-166.

Falls, Bernard, A. Apparatus for measuring the electromagnetic impedance of
soils; 1977.

Falls, R. A.; et al. EM soil properties in the VHF/UHF range. U.S. Army
R & D Center; May 1972; Report 2030.

Fountain, L. S. Evaluation of the EM properties of soil materials; December
1984; Final Report, VSE Corp., Alexandria, VA.

Gabillard, R.; Degauge, ¢.; Wait, J. R. Subsurface electromagnetic telecom-
munication -- Review. IEEE Trans. on Communication Technology; 1971; Com-19:
1217-1228.

Gans, W. L.; Andrews, J. R. Time-domain automatic network analyzer for
measurement of RF and microwave components; 1975; Nat. Bur. Stands. (U.S.)
Tech. Note 672.

Gelengnse, M.; Barringer, A. R. Recent progress in remote sensing with audio
and radio frequency pulses. Proc., 3rd Annual Symp. on Remote Sensing of
Environment; 469-494 .

Geyer, R. G. Suggested experimental parameters for land-mine detection
performance evaluations; November 1987; Report for U.S. Army Belvoir Research

and Development Center. Fort Belvoir, VA 22060-5606. Project No. 7232457.

B-4




Ceyer, R, G, Magnetic susceptibility measurements for mine detecting; Report
to U.s. Army, Ft. Belvoir, VA (Proj. 7232457); 10 p.

Goldman, §. Information theory. New York, NY: Prentice-Hall, Inc.; 1953.

Hancock, J. €. Wintz, P. A, Sipgnal detection theory. New York, NY:
Prentice-Hall, Tne.; 1953,

Hasted, J. B. Ayucous dielectrics. London: Chapman and Hall; 1973. Note:
302 p.

Hayes, P. K. An on-site method for measuring the dielectric constant and
conductivity of soils over a one gigahertz bandwidth. The Ohio State
University ElectroScience Lab., Dept. of Electrical Engineering; Technical
Report 982X-1.

tleiland, €. A. Geophysical exploration. Englewood Cliffs, New Jersey:
Prentice Hall; 1940; (310-314).

Hill, D. A.; Cavcey, K. H. Coupling between two antennas separated by a
planar interface. [IFEEE Trans. Geosci. Remote Sensing; July 1987; GE-25(4):
422-431.

Hill, David A. Electromagnetic scattering by buried objects of low contrast.
IEEE Trans. Geosci. Remote Sensing; March 1988; GE-26(2): 195-203.

Hill, N. E.; Vaughn, W. E.; Price, A. H.; Davies, M. Dielectric properties
and molecular behavior. London: Van Nostrand; 1969: 480 p.

Hoekstra, P.; Delaney, A. Dielectric properties of soils at UHF and microwave
frequencies. J. of Ceophysical Research 79; 1974; (No. 11): 1699-1708,

Hogg, R. V.; Craig, A. T. Introduction of mathematical statistics. New York,
NY: MacMillan Co.; 1970.

Horner, F. Resonance methods of dielectric measurement at centimeter
wavelengths. J. IRE; 1946; 93(IIIl): 55-57.

ltorner, F.; Harwood, J. An investigation of atmosphetric radio noise at very
low frequencies. J. IRE, 1956; 103B(743).

Izadian, J. An underground near-field antenna pattern range. The Ohio State
University ElectroScience Lab., Dept. of Electrical Engineering; 1980,

[zadian, J. S. Two dimensional EM-scattering by buried penetrable noncircular
cylinders using the method of moments. The Ohio State University; Ph.D.
dissertation,

[zadian, J. S.; Peters, Jr., L.; and Richmond, J. H. Computation of
scattering penetrable cylinders with improved numerical efficiency. IEEE
Trans. on Geoscience; 1984,




Jesch, R. L. Diclectric measurements of five different soil textural types as
functions of frequency and moisture content; 19/8; NBSIR /8-896; 26 p.

Jones, R. G. Precise dielectric measurements at 35 GHz using an open
microwave resonator. Proc. [EEE; 1976:; 123(4): 284-290.

Jones, R. N.; Bussey, H. E.; Little, W. E.; Metzker, R. F. Electrical
characteristics of corn, wheat, and soya in the 1-200 MHz range; 1978;
Nat. Bur. Stand. (U.S.) NBSIR 78-897.

Jonscher, A. K. The interpretation of non-ideal dielectric admittance and
impedance diagrams. Phys. Stat. Solutions (a); 19/5; 32: 665-676.

Jonscher, A. K. The universal dielectric response, a review of data and their
new Interpretation. Chelsea Dielectric Group: University of London; 1979.

Kennaugh, E. M. The K-pulse concept. IEEE Trans. on Antennas and Prop.;
1981; AP-29(No. 2).

King, R. W.; Smith, G. S. Antennas in matter; Fundamentals, theory, and
applications. Cambridge, MA: M.I.T. Press; 1981.

Knight, R. J. The use of complex plane plots in studying the electrical
response of rocks. J. Geomag. Geoelectr.; 1983; 35: 767-776.

Kogelnik, H.; Li, T. Laser beams and resconators. Proc. IEEE; 1966; 54:
1312-1329.

Kottenstette, J. P.; Steffen, B. A. Planning for short pulse radar
experiments; September 30, 1987; Final Report for U.S. Army Belvoir Research
and Development Center, Fort Belvoir, VA 22060-5606; 109 p.

Kouyoumjian, R. G.; Peters, Jr., L.; Thomas, D. T. A modified geometrical
optics method for scattering by dielectric bodies. IEEE Trans.; 1963: LAP-11:
690-703.

Kurosaki, S. The dielectric behavior of water sorbed on silica gel. J. Phys.
Chem.2; 1954; 58: 320-324.

Lauber, N. R. Preliminary urban UHF/VHF radio novise intensity measurements in
Ottawa, Canada. Proc., 2nd Symp. on EMC; 28-30 June, 1977; Montreux,
Switzerland.

Lentz, R. R. Microwave detection of buried objects. Dept. of Electrical &
Electronic Engineering, Queen Mary College, Mile End Road, London; May 1976;
Contract Report AT-2042-059-RL.

Lentz, R. R. Detection of shallowly buried objects. Electr. Ltrs.; 1976;
12(22): 594-595.

Lerner, R. M. Ground radar system; 1974; U.S. Patent No. 3,831,173.

B-6




Lockner, D. A.; Byerlee, J. D. Complex resistivity measurements of confined
rocks. J. Geophys. Res.; 1985; 90:  /83/7-/847.

lundien, J. R. Terrain analysis by EM means: radar responses to laboratory
prepared soil samples. U.S. Army Engineer Waterways Experiment Station,
Vicksburg, MS, September 1966; Technical Report No. 3-693, Report 2.

Lvtle, Jefirey, R. Measurement of earth medium electrical characteristics:
Techniques, results and applications; Lawrence Livermore National Laboratory;
1974,

Madden, T. R.; Cantwell, T. Induced polarization [Mining Geophysics], a
review, A, W, Musgrave, ed. Soc. Explor. Geophys; 1967; 2: 3/3-400.

Maxwell, J. €. A treatise on electricity and magnetism: Dover Publishing;
1891.
McCafferty, E.; Zettlemayer, A. C. Absorption of water vapor on Faraday Soc.
Discussions:; 1971; %2: 239-25%4.

MeWane, P. D A look at the antenna radiation problem in the time domain.
Ohio State University,; 1972; Ph.D. dissertation.

Morey; 1974; U.S. Patent No. 3,806,795.
Nagata, T. Rock magnetism. Tokyo: Maruzen Press; 1961: 350 p.

Nakamura, H.,; Mashimo, S.; Wada, A. Precise and easy method of TDP to obtain
dielectric relaxation spectra in the GHz region. Japanese J. Appl. Phys.;
1982; 21(7): 1022-1024.

Hicolson, A. M.; Ross, G. F. Measurement of the intrinsic properties of
materials by time-domain techniques. 1EEE Trans. Instr. Meas.; 1970;
IM-14(4) .

Nolan, R. V.; et al. MERADCOM mine detection program: 1960-1980. U.S. Army,
Ft. Belvoir; HMay 1980; Report No. 2294,

Olhoeft, G. R.; Frisillo, A. L.; Strangway, D. W. Electrical properties of
lunar soil sample 15301. J. Geophys. Res.; 1974; 79: 1599-1604.

Owens, T. E. Cavity detection using VHF hole-to-hole electromagnetic
techniques. Paper presented at Symposium on Tunnel Detection, Colorado School
of Mines, Golden, CO; 1981.

Pelton, W. H.; Ward, S. H.; Hallof, P. G.; Sill, W. R.; Nelson, P. H.
Mineral discrimination and removal of inductive coupling with multifrequency
[P. Geophys; 1978; 43: 588-609.

Peters, Jr., L., and Richmond, J. H. Scattering from cylindrical
nonhomogeneities in a lossy medium. Radio Science 17; 1982; (No. 5):

973-987.

B-7




Peters, Jr., L.; Burrell, G. A.; Tran, H. B. A scattering model for detection
of tunnels using video pulse systems. The Ohio State University Electro-
Science Lab., Dept. of Electrical Engineering; 1977; Technical Report 4460-3.

Peyrelasse, J.; Boned, C.; LePetit, J. P. Setting up of a time-domain
spectroscopy experimeunt. Application to the study of the dielectric
relaxation pentanol isomers. J. Phys. Sci. Instr.; 1981; 14: 1002-1008.

Probeck, Charles. R & D of a single-channel search head. U.S. Army
Ft. Belvoir, Contract No. DA-44-009 ENG-1666: (Cook Electric Co., Chicago,
IL); February 1956; Tech. Renort.

Rubin, W. L.; DiFranco, J. V. Radar detection. Electro-technology;
April 1964.

Saint-Amant, M.; Strangway, D. W. Dielectric properties of dry geologic
materials. Geophysics; 1970; 35: 624-645.

Scott, W. R. Dielectric spectroscopy using shielded open-circuited coaxial
lines and monopole antennas of general length. Ph.D. thesis, Georgia Inst.
Tech.; 1985: 228 p.

Scott, Jr., W. R.; Smith, G. S. Error Analysis for Dielectric Spectroscopy
Usirg Shielded Open-Circuited Coaxial Lines of General Length. Ph.D. Thesis,
School of Electrical Engineering, Georgia Institute of Technology: Atlanta,
GA: October 1985,

Scott, Jr., W. R.; Smith, G. S. Error Analysis for Dielectric Spectroscopy
Using Shielded Open-Circuited Coaxial Lines of General Length. IEEE Trans. on
Instr. & Meas.; June 1986; IM-35(2): 130-137.

Scott, Jr., W. R.; Smith, G. §S. Dielectric spectroscopy using monopole
antennas of general electrical length. IEEE Trans. on Antennas & Prop.;
July 1986; AP-34(7): 919-929.

Shutko, A. M.; Rentov, E. M. Mixture formulas applied in estimation of
dielectric and radiative characteristics of soils and ground at microwave
frequencies; 1982; Vol. GE-20(No.): 29-32.

Skolnik, M. I. Introduction to radar systems. New York, NY: McGraw-Hill
Book Co., Inc.; 1962.

Sluyters-Rehbach, M.; Sluyters, J. H. Sine wave methods in the study of
electrode processes, in Electroanalytical Chemistry. A, J. Bard, ed., New
York, NY: Marcel Dekker; 1970: 1-128

Smith, G. S.; Smith, W. R. A simple method for the in situ measurement of the
electrical properties of the ground. 1987 IEEE AP-S International Symposium
Digest, June 15-19 at Virginia Tech. (IEEE Catalog No. CH2435-6/87); 1987;
Paper JA02-3: 242-245.

B-8




Smith, G. Antenna pattern performance near the interface of a dielectric
medium. IEEE APS5; 1983.

Smith, G. S.; King, R. W. P. Electric field probes in material media and
their application in EMC. IEEE Trans. Electromagn. Compat.; 1975; EMC-17:
206-211.

Smith, G. S.; King, R. W. P. Electric field probes in material media and
their application in EMC. IEEE Trans. Electromagn. Compat.; 1976; EMC-18:
p. 130.

Smith, G. S.; Nordgard, J. D. Measurements of the electrical constitutive
parameters of materials using antennas. IEEE Trans. Ant. prop.; 1985; 33(7):
783-792.

Smith, G. S.; Scott, Jr., W. R. A simple method for the In Situ Measurement
of Electrical Properiies of the Ground. 1987 Antennas and Propagation
International Symposium Digest; June 1987; Vol. 1: 242-245.

Suggett, A. Time-domain methods, dielectric and related molecular processes.
Chem. Soc., London; 1972; Vol. 1: 101-120.

Tribuzi, C. A. An antenna for use in an underground (HFW) radar system. The
Ohio State University ElectroScience Lab., Dept. of Electrical Engineering;
1977; Technical Report 4460-4.

Tricoles, C.; et al. Near-field electromagnetic detection of mines. General
Dynamics Electronics Div. Report No. R-87-013; August 1987; Final Report.

Van Gemert, M. J. C. High-frequency time-domain methods in dielectric
spectroscopy. Phillips Res. Rpts.; 1973; 28: 530-572.

Volakis, J., and Peters, Jr., L. Elimination of undesired natural resonances
for improved target identification. Paper presented at International Union of
Radio Science, Quebec; 1980.

Volakis, J., and Peters, Jr., L. Improved identification of underground
targets using video pulse radars by elimination of undesired natural
resonances. IEEE Trans. on Antenna and Prop.; 1983; AP-31(No. 2).

Volakis, J. Improved identification of underground targets using video-pulse
radars by elimination of undesired natural resonances; M.Sc. thesis, The Ohio

State University.

von Hipvel, A. R. Dielectric materials and applications. Cambridge
Massachusetts Inst. Technology; 1954: 438 p.

von Hippel, A. R. Dielectric and waves. New York, NY: John Wiltey & Sois;
1954: 284 p.

Wagner, K. W. Erklarung der dielektrischen Nachwirkungsvorgange auf Grund
Maxwellscher verstellungen. Archiv. Electrotechnik; 1914; 2: 371.

B-9




Wait, J. R. A conducting sphere in a time-varying field. Geophysics; 1951;
16: 666.

Wait, James R. Mutual electromagnetic coupling of loops over a homogeneous
ground. Geophysics XX; 1955; (No. 3): 630-637.

Wald, L. W. Modification of the HFW underground antenna based on experimental
studies. The Ohio State University ElectroScience Lab., Dept. of Electrical
Engineering; Technical Report 4460-0.

Ward, S. H. Electromagnetic theory for geophysical applications. Mining
Geophys.; 1967; II: /8.

Watt, A. D.; Maxwell, E. L. Characterization of atmospheric noise from
1 to 100 kHz. Proc. IRE; June 1957: 787.

Williams, G.; Watts, D. C. Nonsymmetrical dielectric relaxation behavior
arising from a simple empirical decay function. Trans. Faraday Soc.; 1970;
66: 8(0-85.

Williams, W. H.; et al. Elf: Computer automation and error correction for a
microwave network analyzer. IEEE Trans. Instr. & Meas.; March 1988; 37(1):
95-100.

Wmyth, C. P. Dielectric relaxation times in molecular relaxation processes.
London: The Chemical Society; 1966.

Woodward, P. M. Probability and information theory with application to radar.
New York, .Y: McGraw-Hill Book Co., Inc.; 1955.

Wyllie, G. Dielectric relaxation and molecular correlation in dielectric and
related molecular processes. London: The Chemical Society; 1972.

Youﬁg, J. D.; Caldecott, R.; 1977; U.S. Patent No. 4,062,010.
Young, J. D.; Caldecott, R.; 1976; U.S. Patent No. 3,967,282,

International Radio Consultative Committee characteristics and applications of
atmospheric radio noise data; 1983; Report No. 3220-2.

International Radio Consultative Committee worldwide minimum external noise
levels, 0.1 Hz to 100 GHz; 1982; Report No. 670,

Measuring Dielectric Constant with the HP 8510 Network Analyzer. Product Note
No. 8510-3, Hewlett-Packard Corp., Palo Alto, CA; August 1985.

B-10




Coupling Between Two Antennas Separated
by a Planar Interface

D. A. Hill
K. H. Cavcey

Reprinted from: IEEE TRANSACTIONS ON GEOSCIENCE AND REM( TE SENSING, Vol. GE-25, No. 4, JULY 1987.
3-(A1)




IEEE TRANSACTIONS ON GEOSCIENCE AND REMOITE SENSING. VOL

GE 28 N0 3 S0y st

Coupling Between Two Antennas Separated by a
Planar Interface

DAVID A. HILL, FeLLow, 1eeE, AND " SNNETH H. CAVCEY. MrMBER. IHE}

Abstract—The plane-wave spectrum technique is used to analyze the
coupling between a pair of antennas separated by a planar interface.
Multiple reflections between the antennas or between either antenna
and the interface are included in the formulation. The formulation is
used to model detection of buried objects, and a low-frequency metal
detector example is analyzed in detail. For a transmitting loop and a
buried oblate spheroid. the plane wave spectrum technique is shown
to agree with well-known quasi-static approximations. Some experi-
mental results from a 3-kHz metal detector aie also shown.

I. INTRODUCTION

HE SUBJECT of radiation from an antenna in the

presence of a half-space has a long history, and many
results for electric and magnetic dipole sources have been
summarized by Banos [1]. More recently, Smith [2] has
used the plane-wave spectrum technique to study trans-
mission into a lossy half-space. In this paper we use the
plane-wave spectrum technique to describe the coupling
between a pair of antennas located in different media sep-
arated by a planar interface. The approach i1s 2 general-
ization of Kemns' [3] plane-wave scattering matrix for-
mulation for coupling between a pair of antennas located
in a homogeneous medium.

The half-space geometry that we consider is useful in
describing a number of important practical configura-
tions. For example. in communicating with or locating
trapped miners [4]. [5]. one antenna is located under-
ground. and the other is usually above ground. Also. it
might be desirable to do near-field planar scanning with
the probe antenna in air for some transmitting antennas
that are buried underground or submerged in water. De-
tection of subsurface objects [6] can be treated as a special
case of this theory where the buried object is simply a
passive scatterer.

The organization of this paper is as follows. In Section
Il we denve expressions for the coupling between a pair
of general antennas separated by an interface and for the
fields in each medium. In Section IIl we specialize the
formulation to a case that is relevant for the detection of
buned objects, and a low-frequency metal detector ex-
ample is considered. The transmitting antenna in air is a
small loop. and the buried object is a conducting oblate
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spheroid. We obtain specific numerical results for this case
both from the plane-wave spectrum formulation of Scc-
tion Il and from quasi-static approximations. and the
agreement is good. We also compare theorctical and ex-
perimental results for a metal detector operating ut 3 kHv.
Section IV contains conclusions and suggestions tor other
half-space problems that can be treated using the plane-
wave spectrum approach.

II. GeNerRaL Prant-Wave ScarterinGg ForsuLation

The geometry for two antennas scparated by a planar
interface is shown in Fig. 1. The region 2 < /1 has perme-
ability p and permittivity €. and the region - > A has
permeability u’ and permittivity ¢’. Both regions are 1so-
tropic. but € and ¢’ can be complex to allow for loss. The
time dependence is exp ( —iw!).

Throughout this section we follow the notation and the
formulation of Kerns [3] for coupling between a pair of
antennas in a homogeneous medium. The primary differ-
ence resulting from the half-space - ometry is the ap-
pearance of additional interaction terms between the un-
tennas and the interface.

A. Plane-Wave Representations

We define region 1 to be a slab region (3, < 2 < h)
between the antenna and the interface. In this region we
can write the electric field E, and the magnetic field H, in
terms of plane-wave spectra

E(r) = gg i..l [h,(m K)E (K. F)
+a(m K)E, (K. 7)) dk, dk,
A = (| 2 (bm By AR )

+ ai(m,K)H, (K 7)] dk dk, (1)

where a, and b, are plane-wave coefficients, and F is the
position vector. The integrations are taken over real val-
ues of the wavenumbers k, and k,. K is given by K = &, e,
+ %, e,, where ¢, e,, and e. are unit vectors.

The plane wave fields, E} and H, are transverse elec-
tric (TE) for m = 2 or transverse magnetic (TM) form =

U.S. Government work not protected by U.S. copyright
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Fig |

I The propagation vector k” can be written in the follow-
mg form:

+ ye. (2)

S = KD K = wpe and KT = K- K.
The sign of the square root is chosen so that the imaginary
part ol 5 s postive. [T the imaginary part of v is zero,
then the sign s chosen so that 4 s positive real. We define
the tollowing transvernse unit vectors:

x, = K/K

where 3

It

(3)

which are. respectively s inand perpendicular to the plane

Ay = (’ x X‘|

ol & and ¢ . The TE planc-wave ficlds are given by
Foo= nue
Ho = | e x ay + Klwp) e Ju (4)
where ™ = exp otk - ry/(2myand n, = 3 /(wu). The

supeisenpt +orefers to propagation in the + 7 direction.
Fhe TN plane-wave ficlds are given by

f“| = IR| ;: A‘) ll:-lll.
H) = +9¢ X RKu’ (5)
where 1 NN S O

In some cases. only the transverse components of the
fickds are required. From ¢1)-(S)o we can write

' N ' I
Eotr) 'y \ T[h,(nl.k)('

voam. Kye " ]A,,,("R Ty

N L - )
H o (r) - ‘r \ A Ih,(m. KYe™ — ai(m. K)e "‘]P,

X Kot MK (6)
where r = R + z& and subscript 1 denotes the transverse
compaonents. When - components are desired. they can be
obtiined trom (1) or from the transverse components and
Mawell's cquations. in (6) and throughout the rest of the
paper. summation over the values 1 and 2 ot the polar-

o)

h
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ization index m and integration over the infinite k., k,
plane are understood.

We define region 2 to be a slab region ( -d < 7' < z3)
between the other antenna and the interface. In this region
we can write the transverse components of the fields in a
manner analogous to (6)

_ } \ —
WE) = o= S 2 [bi(m. K)e
2% m
+ ai(m, .l?)e”':']o'(,,,e'iil dK
— 1 - —
H. (') = — S ) [hé(m, K)e
21[’ m

~ as(m, E)e"":']( ~8.) X Kan.e R’ dK
, (7)

where 7' = R' + 2'¢..9, = we' /Y. 0 = v [wp'. ' =
(kY — K 2 and k7 = w’u'e’. We could write similar
expressions for the fields in the regions, z < z;and ' >
1. but these regions contain no sources and do not affect
the antenna coupling.

B. Antenna Characteristics

We begin with a description of the antenna on the left
in Fig. 1. Because there are no waves incident from the
left of the antenna (a, = 0). the scattering equations are
written {3]

by

S0t + g E Soi(n. L) a,(n, L) dL

L

by(m. K)

il

Sim. K)ag + SZ )) Su(m.K;n, L)

~ayn, L)dL (8)
where a, and b, are coefficients of incoming and outgoing
modes at the antenna feed, Syo represents backscattering
observed at the feed, S, represents the receiving charac-
teristics of the antenna, S, represents the transmitting
characteristics, and §,, represents the scattering charac-
teristics. For later work it is convenient to rewrite (8) in
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the following short-hand notation:
by = Spoao + Soid
(9)

Here, 4, and bl are column matrices representing a,(/m,
K and b,(m, K) according to the values of m and K. Sol
is a row matrix, S.O 1s a column matrix, and $.- is a square
matrix.

The antenna on the right in Fig. 1 can be treated in the
same manner. In this case there are no waves incident
from the right (a; = 0). For brevity we write only the
short-hand scattering relationships

b, = SIOGO + §,,4,.

= Stoaq + S,
(10)

where ag and by are coefficients of incoming and outgcing
modes at the feed, Sgo represents backscattering at the
feed, and 4; and 55 are column matrices of plane wave
coefficients. S, is a row matrix representing the receiving
characteristics of the antenna, S;, is a column matrix rep-
resenting the transmitting characteristics, and $;, is a
square matrix representing the scattering characteristics.

b; = Sipa; + Shd

C. Solution for the Coefficients
The transverse field components must be continuous at

the interface (z = horz' = —d)

E, (R + he,) = E;(R — P — de,)

H,(R + he.) = Hy(R — P — dé,) (11)
where P is a transverse vector defined in Fig. 1. If we

substitute (6) and (7) into (11), we obtain the following
relationships for the coefficients:

além.k) R\b(m, K) + Tb3(m, K)
aitm, K) = Ty b, (m, K) + Rigby(m, K). (12)

The superscript t on the coefficients indicates that they are
translated reflection and transmission coefficients

I“ = R”e127h' = leeltyh#y‘d—K-P)
!“ = Tz‘el(*,h*fd‘K'P)' R122 = Rzeﬂ'y'd (13)
where
- ’ 2 '
R, = 17_’1._')_;:. T, = ‘_i-,
Nm + Nm Mm + N
2 m = Nm
T, = ",_h“. Ry = 7’_',"“—"‘ (14)
nm + nm 7”" + "M

The quantities in (14) are easily identified as plane-wave
reflection and transmission coefficients.

We can rewrite (12) in short-hand notation as we did in
(9) and (10)

a, = R\\b, + T\,6;

a; = 15,6, + Ry,b; (15)
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Here, R, T,, T%,, and R"; are all square diagonal ma-
trices. The physical interpretation of (12) or (15) is that
any plane-wave incident on the interface is reflected and
refracted with the same polarization and transverse wave-
number. There is no mode conversion, and this is the
principal advantage of using plane-wave expansions for
the half-space geometry of Fig. |.

Frora (9), (1), and (15), we have six equations in eight
unknowns, four scalars (ag, by, ag, and b)), and four col-
umn matrices (d,, b,, 43, and b3). These equations have
been derived from conditions on the transverse fields at 2
=2,,2 = h,and 2’ = z;. To solve the system completely.
we need two more equations, and these could be obtained
at the antenna terminals, S and S;. An aiternative 1s to
eliminate the column matrices from the six equations and
obtain the scattering matrix of the *‘systcm two-por,’
which has its terminals at Sy and S; and is defined by the
equations [3]

by = My, + My a;
(16)

After considerable manipulation of (9), (10). and (15), we
obtain

bo = Myoay + Mygag

Mo = Seo + Sal1 = RIS, = TSl - RS
1801 R+ TSl — RSy T4 ]S
Mo = So[1 = RuSi = 71,8501 — R.S) 'TS0]
Pl ~ $5R%) ' St
Moo = ST — R%S5 — T80T - RUS) ' Tu$h]
(T = $0Ry) T S
Myo = Spo + 5162“ - RSt - 8,01 - fé'nfn)-l
TS5 17 (R + T0Su(i - R.Sw) " o) Sh

(17)

where 1 is an identity matrix and the superscript —1 in-
dicates an inverse.

This completes the formal solution for the interaction
between arbitrary antennas separated by an interface, but
several comments are in order. The scattering parameters
of the system in (17) contain several inverses. If we make
the system discrete and of finite dimension, then the in-
verses in (17) can be interpreted as inverse matrices and
standard matrix methods apply. All of the inverses are of
the following form that can be expanded in a geometric
series:

(-A)y'=1+4d+A2+A2+ (18)
where higher powers of the matrix A can be interpreted as
multiple interactions. If we neglect such multiple inter-
actions in (17), then the scattering parameters of the sys-
tem take on the following forms:

M =~ Sw + So(RYy + T9:855,14,) S0
My = Smrlzsz'o
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Mo = :1;3’i.3|*s:lll
Moo = St + Sm| RS + 758,70, S4 (19)

Both M, and M, contain three terms that represent re-
tections from the antenna terminals, the interface. and
the opposite antenna. M, and M, contain one term that
represents transtission through the interface. Multiple
mteractions can be included by expanding the tnverses as
in (18). It the two media have the same constitutive pa-
rameters., then the reflection coetlicients (RY, and R.S_‘) go
to sero. and the results in (17) reduce to those of Kerns
13] tor a homogencous medium.

1. Drivcnion or Burikp OBIRCTS

To maodel the case of detection of buried objects, we
set ¢ and goequal w therr tree space values (€, and py)
and set " and g’ equal to values for lossy ground. This
means that ¢ s typically complex

d=¢ tio/w (20)

where ¢, s the real permittivity ol the ground and o is the
conductivity of the ground. Most soils are approximately
nonmggnetic, and we can set u equal to the free space
permcability g, A detatled study by Cook and Cans |7]
found this to be a good approximation tor most soil types
except tor somie coastal sands. We also replace the right-
hand antenna in Fig. 1 by a passive scatterer. Scauering
by buricd objects has been treated by the transition matnix
Tormalism 8], by the unimoment method 9], and by the
moment method [ 10].

A Simplification for a Passive Scatterer
To treat the case of o passive buricd scatterer. we re-
move the termnals from the right antenna in Fig. | The
scatterer is then completely characterized by its scattering

charactensties §:soand (1) simplilies to
by = §ian. (21)
Also. the
placed by

aystem two-port” orelations an (16) are re-

by = Mgt (22

where Mo, s sull given by (1.

For detection sy stems that receive and transmit with the
same antenna, (22 provides an adequate desceription be-
cause 1t vields the received signal by, However, it a sep-
arte antenm is used for reception. then we need to know
the fields above the ground that will excite the receiving
antenna. The total ficlds in the slab region between the
pround and the transmitting antenna (2, < 2 < /W) are
given by (1), and the trunsverse components are given by
(6). The plane wave coctlicients tor this region are deter-
mined from simultancous solution ot (9). (15). and (21)

by = [i - RS, — T840
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If we neglect multiple interaction terms, then (23) sim-
plifies to

a, = (R + 71283, T41) S0
';l = Sl(ﬂo- (24)

The two terms for d, represent reflection from the ground
and scattering from the buried object. The single term for
b, represents direct transmission from the antenna. Mul-
tiple interaction terms can be obtained by expanding the
inverses as in (18).

If the receiving antenna is located above the transmit-
ting antenna, then we also need the field expressions for
negative 2. However, the tields in this region contain only
upgoing plane-waves. and the plane-wave coethcients re-
sulting from ground reflection and scattering from the
buried target are given by d, in (23) for any value of ¢ <
h. To obtain the total field above the antenna. we only
need to add the direct field from the antenna.

B. Low-Frequencey Example

In Fig. 2 the geometry of Fig. 1 is specialized to the
case of a horizontal loop transmitting antenna and a small
passive scatterer. This gecometry is relevant to common
metal detectors and to metal mine detectors.

The small loop antenna has arca A and carrics a uniform
current /. Thus, it radiates fike a z-directed magnetic di-
pole of magnetic moment /4. Kerns |3, p. 128] has given
the transmitting spectrumn of a small loop. and we can
write the transmitting characteristics as

Sa1.K)=0
Spl2.K) = =55 - s

where ¢ = 1 or 2. We have arbitrarily defined o, = 1.
From (25) we see that the smalt loop radiates only TE
ficlds (m = 2) and the transmitting characteristics are the
same below (2> Ol g = 1yorabove (2 < 0.9 = 2) the
loop. For a small loop we can neglect scattering and sct

Sy =0. (26)
Because we do not anticipate receiving with the transmit-
ting loop. we do not need o specity S, and Sy,.

We assume that the buried scatterer is electrically small
and that 1t scatters Tike a pair of electric and magnetic
dipoles [11]. The cquivalent electric and magnetic dipole
moments . and p,, can be written as

po=a E
(27)

where @, and a,, are electric and magnetic polarizability

P - = . T
P = Q, H

~ RSt S

- ﬁ’:.‘j.":)_lﬁlsul_igmﬂn- (23)
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Fig. 2. Geometry for a loop antenna in air and a bunied oblate spheroid

dyads and E' and H' are the incident electric and magnetic
fields in the absence of the scatterer. To use the polariz-
ability results in the plane-wave scattering matrix fornu-
lation, we need to derive the scattering matrix $3, from
(27). and this is done in Appendix A. Kemns {3] has treated
the special case of a small dielectric sphere where a, re-
duces to a scalar and &, is zero.

C. Quasi-Static Approach

For sufficiently low frequencies, the wavenumbers k and
k' are approximately zero, and the fields of the small loop
are approximately those of a static magnetic dipole. This
type of approximation is best obtained by quasi-static ap-
proximations to Sommerfeld integrals [12]. and the math-
ematical details are given in Appendix B. Here we present
only the final results.

The magnetic field in air produced by the loop antenna
is
1A 3x2

3

a

W=

kK
4xr r

1A 3z

i
dnr r

14 (3:3 >
= 7l — — |
dxr r-

where r = (,x2 + ,\"’ + 29" The electric ficld is negli-
gible because it is proportional to frequency (see Appen-
dix B). For observation points that are very close to the
loop in terms of the loop radius. the magnetic dipole ap-
proximation is not accurate. and this limitation is dis-
cussed in Appendix C.

The buried object is an oblate spheroid located at the
origin of the primed coordinate with its axis aligned with
the z axis. We consider an oblate spheroid because it is a
realistic object whose electric and magnetic potarizabili-
ties are known 113]. Here. we require only the magnetic
polarizability because the incident clectric field is negli-
gible. For perfect conductivity. the magn=tic polarizabil-
ity is 3]

o
h

"

HY. (28)

(29)
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where qpy = Q,,, = _2V/(l + L)v a,. = —V/(l -
L)y, V= %rabz. and
[ = ab’ (b* - (z:)l/2
= (bz — 02)3/2 a

~ tan! [(_b’_:_‘i)'_”B

a

As indicated in Fiz. 2, a is the semiminor axis, and b is
the semimajor axis. For the special case of a sphere (a
b). (29) reduces to

(30)

If we locate the prime coordinate origin at x = xy, v = 0,
2 = h + d, then the incident field at the center of the
spheroid is [12]

= = = ~27xa’
Ay = Ay = O = —2oTa .

t

14 3x(h + d)

n

‘' 4qr] r;
H =0
14 [3(h +dY
peow A (3E A (31)
T dmr, ry

where r, = [xi + (h + d)"}'"?. Thus the induced mag-
netic dipole moment is

— ¢ —
Pmv = CX,,“H‘, P = 0

pl”: = (32)

where «,,, and a,,, are given by (29), and H| and H! are
given by (31). The fields scattered by the spheroid are
then given by (see Appendix B)
1 Iz —d—=h)(x - x
H = J{P: ( z’)(‘ to)

47r,

am: Hi‘

3y —
+p, (rr’: %) 1“
H, = 41:,.?{,,:3(: - ::3— )y, 3 :?m_\.g
H: = 41:'_“ {p:ll%(: —rh?— dy l
+p, I(v - .\'O)(r:: - h - d)} )

where r, = [(x ~ x)* + ¥ + (2 —d - h))'

At this point it is useful to do a numerical comparison
between the plane-wave scattering-matrix formulation of
Section 11 and the quasi-static approximation. Because we
are modeling both the loop antenna and the oblate spher-
oid scatterer as magnetic dipoles, it is sufficient to com-
pare the two methods for calculatipg the incident mag-
netic field of the loop (magnetic dipole) source. Fig, §
shows the x and z components of the incident magnetig
field as a function of x calculated by the two methods.
The quasi-static curves are obtained from (31) and are
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Pig v Comparison ot the magnetie field of a small loop calculated by

FET and by quasi-static approximations.

vahd for r, much less than a free-space wavelength. The
other curves are obtained by substituting the transmitting
spectrum given by (25) into the plane-wave spectrum re-
sults of Section II. The two-dimensional integrals on
wavenumbers &, and k, are evaluated by two-dimensional
tast Fourter transtorm (FFT). The FFT evaluation is very
ethicient and has been used for related problems involving
sources over the earth {14]. The agreement between the
two methods 1s very good for x < 2 m, and this range can
be extended by including more samples in the FFT. How-
ever, the field values are so small for x > 2 m that this
range 15 of little interest. The main point of Fig. 3 is that
the plane-wave spectrum representation is easily evalu-
ated by FFT and is accurate even in the quasi-static re-
gion. In near-field antenna scanning [3], the plane-wave
representation is generally used in the radiating near field
(distances somewhat greater than a wavelength). The fre-
quency of 3 kHz is typical of metal detectors, but the
magnetic field is essentially independent of frequency for
such low frequencies.

Because the FFT and quasi-static approximation give
essentially the same results, we use the simpler quasi-
static approximation in the remaining calculations for low-
frequency metal detectors. Fig. 4 shows a typical example
for the direct antenna field and the field scattered by a
buried oblate spheroid. An obvious difticulty in detecting
the buried scatterer is that the direct field is much larger
than the scattered field, even for a sizable buried object
(a = 5cmand b = 15 cm). This problem is usually
overcome by nulling out the direct field and by moving
the source closer to the earth (smaller h). There are many
ways to accomplish the nulling, and one method is de-
scribed in the following section.

D. A Practical Metal Detector

One type of mine detector uses a single transmitting
loop and four receiving loops as shown in Fig. §. The

4217

Magnenc Field (Arm)

Magnetic Field (10 2 A/m;

x (m)

(b)

Fig. 4. Horizontal variation of (a) the incident magnetic field of a small
loop and (b) the magnetic field scattered by an oblate spheroid. Param-
eters; IA=1A-m . v=0.:=5cm h+d=>50cm, x, = 10 cm,
a=5cm, and b = 15cm.

detector sums the output of the four loops, but two of the
polarities are reversed. Because of the detector symmetry,
the direct field of transmitting loop (or any other sym-
metrical field, such as a reflection from smooth ground)
produces a zero output. Hence the desired nulling of the
strong direct field is achieved.

When a buried scatterer is present, the total received
voltage V, can be written

V. = K(H; — H + H — HY) (34)

where K = iwugN, A4, , N, is the number of turns in the
receiving loops, and A, is the area of the receiving loops.
In our theoretical model we assume that the four receiving
loops are identical and that the transmitting and receiving
loops can be modeled as magnetic dipoles. The transmit-
ting loop is actually fairly large, and the magnetic dipole
approximation is not good if the detector is located too
closz tv the scatterer. The scattered magnetic fields,

2 — H. in (34) are the scattered fields evaluated at the
four loop centers. We model the buried object as an oblate
spheroid, and the scattered fields are calculated as indi-
cated in (29)-(33).

The experiment was conducted in a sandbox where the
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Fig. 5. Geometry for a metal detector with a central transmitting loop and

four receiving loops. The detector is swept in an arc of radius p_ in the
z = 0 plane.
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Fig. 6. Companison of theoretical and measured received voltage for a
metal detector swept over a buried copper penny. Parameters: h = ¢ =
75cm, Ar=762cm, Ay =572cm.p, =x,=1.13m.a = (.5 mm.
and b = 9 mm.

detector was moved in an arc to simulate the mine detec-
tor sweep technique. A copper penny was buried at a depth
of 7.5 cm in dry sand, and the mine detector was main-
tained at a constant height of 7.5 cm above the surface of
the sand. We did not measure the dielectric constant of
the sand at the detector frequency of 3 kHz, but the sand
was found to have little effect on the sweep waveform.
This is in agreement with the quasi-static approximations
of the previous section. The arc radius of the detector path
was 1.13 m, and the receiving loops were offset by Ax =
7.62 cmand Ay = 5.72 cm. We modeled the copper penny
as a perfectly conducting oblate spheroid of major axis 18
mm and minor axis | mm. A comparison of the theoretical
and measured sweep curves is shown in Fig. 6. The arc
distance [ is defined in Fig. 5. Only a relative amplitude
comparison is attempted vecause the value of the constant
K in (34) is not known for the detector that was used in
the measurement. Both curves have a null for the detector
directly over the scatterer. The theoretical curve is sym-
metrical, and the measured curve is fairly symmetrical.
The main differences are that the theoretical curve has a
broader null and has a greater separation between the
peaks. The measured null would probably be broader if 1t
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Fig 7 Comparison of theoretical and measured recened voltage tor g
metal detector swept over a copper penny. Parameters i = 15 em.d -
0. Av=762cm. Ay =S72¢cm.p = 1i3m.y,.=p +~ Av.a = 05

mm, and b = 9 mm

were possible to balance the four loop outputs more pre-
cisely.

In Fig. 7 a second comparison is shown where the penny
is now on the surface (¢ = 0) and the detector is raised
to maintain the same vertical separation (h = 15 cm).
Also, the penny location is moved farther out (v, = p, +
Ax) so that two receiving coils pass over the penny . With
the penny offset from the center of the detector. both the
theory and experiment show a sharp null, and the overall
agreement is very good. The null is sharp because only
coils 1 and 2 contribute significantly to the total received
voltage in (34). We have made comparisons for other val-
ues of x,. and we generally find good agreement forx, #
p, where the balance of the four receiving loops is less
critical.

IV. CoNcLUSIONS

We have used the plane-wave spectrum technique to
analyze the couphing between a pair of antennas separated
by a planar interface. The results are similar to those of
Kerns [3]. but there are additional multiple interactions
that involve the planar interface. We have treated the case
of detection of buried targets by replacing one of the an-
tennas by a buried passive scatterer. We have analy zed
the case of a loop transmitter and a buried oblate spheroid
in detail and have compared theoretical and experimental
results for a low-frequency metal detector.

The formulation in Section 1 is quite general and could
be applied to many antenna or scattering problems. The
required antenna or scatterer characteristics could be de
termined by any available method, such as the unimoment
method {9], or even experimentally. We could also treat
near-field scanning of a buried antenna where we wish o
determine the transmitting characteristics $4; of the buried
antenna. Similarly. the scattering characteristics $1: of o
buried scatterer could be determined by scanning the scat
tered fields above the earth. We are currently modeliny
the problem of a UHF detector over a buried dielectric
sphere, and we are using the plane-wave spectrum theon
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to evaluate the importance of multiple reffections between
the Jetector or the scatterer and the intertace.

ApPPENDIN A
S FOR SMATi SUATTEKERS
For clectrically smull scatterers. we can sphit 87 into
two terms

Siom, Kon.L)y=S.tm Kion L)

+ Sidm o Kon L)y (A1)

where Sio v due to the induced electric dipole moment
and 83, 15 due to the induced magnetic dipole moment.
The actual expression tor S5 as most casily obtained by
starting with the vector-dyadic form ot the scattering ma-
trix of the second kind [3]. This dyvadic torm can be split
in the same manner as in (A1)

SK L) = V(K Ly + 55, 0K L) (A2)

where subseripts ¢ and e again reter to the induced elec-
tric and magnetic dipole moments. The dyadic scattering
matrix 3. relates the vector coethicients of the incoming
and outgoing plane waves as tollows:

Buk) = \ SlK. L) - ad L) dl

.

(A3)

The vector plune wave coethicients are related to the scalar
coetficients by

PUKY = b1 K)lay = Ky le) = b2 Kok,

LY = UL DAy, = Ly o) = a2 LRy 1A

The subscript Loon 3" and & refers to an incoming plane
wave with transverse wavenumber L.

By using the spectrum for an electric dipole {3], we can
write

N

1
[X,9

SR L= S TR & THEY (AS)

Ty
where [T(k") = [ ~ k’k* A'". I is the identity dyad. and
I 15 the incoming propagation vector. This result is con-
sistent with Kerns™ result for a small dielectric sphere {3}
where @, is proportional to /. By using the spectrum for a
magnetic dipole [3]. we can also write

= - 1

S K L) = k' X &, x 1"

(A6)

m

81r:l'7'
By using the defimtions in (A4) and the results in (AS)
and {A6), we can obtain §3;

S K 1L L) =% - 5K, L) -

™~

(k) = Ly, '€.)

fal
ol

) = & - 5K L) R

Si( 1,
§:(2, (ke — Ly;™'e.)
$(2. K2, L) = % - 555(K, L) - %3 (A7)

This completes the derivation of §3; for an electrically
small scatterer in terms of its eiectric and magnetic polar-
1zabilities.

B
-

I.L) =% - 5n(K. L) -

bl
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ApPENDIX B
QUASI-STATIC APPROXIMATIONS TO SOMMERFELD
INTEGRALS

An alternate formulation for the geometry in Fig. 2 can
be obtained in terms of Sommerteld integrals [8]. This
tormulation 1y equivalent to the plane wave spectrum for-
mulation e¢xcept that the double integrals over k, and k&,
are cast into polar form. For the simple source and scat-
terer ot fig. 2. the azimuthal integral can be done ana-
lytically, and only a single integral over the radial wave-
number remains.

We tirst consider the fields of the loop source in the
absence of the scatterer. The fields in air (2 < h) can be
denved in terms of 4 magnetic Hertz vector with only a 2
component II¥. which can be split into primary 11" and
reflected 17X terms [8]

nr=n +n” (BI1)
where
N7 = 4 =
tr
*r 14 * -1 \ W ln -
= LN RO e T N dN
ir o
RO = =N k) = (N — k)
i+ u
p o= (1~ !

and J. is the zero-order Bessel tuncuon. The magnetic and
electric field components are given by

N

0 3\
H. = <—~ k- ﬂi"
) el * ) .
a:
H = n*
» apa: 3
*
E, = —iwp aL® . (B2)
dp

In the quasi-static approximation, we assume that all
relevant dimensions are small in terms of the free-space
wavelength. This is equivalent to setting k equal to zero
oru = N. This approximation in (B1) and (B2) yields the
inverse distance cubed fields given in (28). If in addition
displacement currents are negligible and &’ times the rel-
evant dimensions is small, we can approximate u’ by

, k' iwpo
u~)\<l—2)\3>~)\ N
Substitution of (B3) into (B1) and (B2) yields the follow-
ing approximations for the reflected field components [8]:

(B3)

H = iwpalA
) 167r,
., —iwpdlAd 2h - Z>
H =—— |1 - ——
° 16xp < r,
. wlullAr, - (2h - 2)
Eo = (84)

16x p
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wheie
P T
The reflectcd neld 1a (Al 1s small compared to the pni-
mary ficld if ihe following inequality holds:
(BS)

This inequality normally holds for the low frequencies
used by metal detectors, and the reflected field can be ne-
glected as in (28)

The transmitted fields in the earth can also be derived
fromn a magnetic Hertz vector with only a z component [&]

w;wrf << 1.

~xe

14 . -
TI:“' - 5;{ \ 1."”!0( o) T()x)e‘“h RN AN (B6)
where
2u’
T(AN) = —.
LA u+u'

’

If we make the same quasi-static approximations (A = k
= 0) 1n (B6), then the transmitted fields have the inverse
distance cubed dependence as shown in (31).

The magnetic dipole moments induced in the oblate
spheroid are given an (29). The fields reradiated by these
dipole moments can also be written as Sommerfeld inte-
grals., and the same quasi-static approximations can be
made The resultant scattered fields in air are also inverse
distance cubed nhelds, and the field expressions are given
mn (33

Appespin C
MaGaeTIC DipoLt APPROXIMATION

The mugnetic dipole approximation for a small loop is
particularly comvenient because 1t allows the quasi-static
magnetic ficld to be written in the simple inverse distance
cubed form shown in (28). The magnetic field of a air-
cular toop can be written in integral form [ 1S}, but in gen-
eral the integral must be evaluated numerically. However,
the ficld on the loop axis (v = v = 0) can be evaluated
analytucally an the tollowing form [14]:

14
Ho= —= a3
2a(ry + )

where ry is the loop radius, 7as the loop current. and 4 is
the loop arca t = ar;). The magnetic dipole approxima-
tion on the 2 axis s

(C1)

IA
Hy = ———

21r|:|‘.

(C2)

It 1s clear that (C1) and (C2) are equivalent for 2° >>
ri. but that (C2) approaches infinity as : approaches zero.

A comparison of the two results is shown in Fig. 8. The
magnetic dipole approximation is poor for 2 < 2r,. but
improves rapidly for z > 2r,. The results are similar for
points off the loop axis (x or ¥ # 0). Consequently the
magnetic dipole approximation can be used for observa-

GE 25, NO 4 JULY 1987

2/

4

Fig 8 Axual magnetic field for a aircular loop and o magneuc dipole

tion points located at least two loop radii from the center
of the loop.
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Electromagnetic Scattering by Buried Objects of Low
Contrast

DAVID A. HILL, reLLow, IEEE

Abstract- Ae use the Born approximation to derive the plane-wave
scattering matrix for objects of low diclectric contrast. For general
shapes & numericul integration over the volume of the scatterer is re-
quired, but anailvtical expressions are derived for a sphere, a circular
cylinder, and a rectangular pox (parallelepiped). The plane-wave scat-
tering-matrix theory is used to account for the air--earth interface. Nu-
merical resuits are presented for the scattered near field and far field
for plane-v.ave excitation. The scattered Beids are weak for low-con-
trast objects, but the near-field results have application to electromag-
netic detection of buried ubjedts.

I INTRODUCTION

HE ANALYSIS of elecctromagnetic scattering by bur-

ied objects [1]-[4] is complicated by the presence ot
the air-earth intertuce. The plane-wave scattering-matrix
formulation [5] provides a convenient means for combin-
ing the source. scattering, and interface effects and for
including interactions. However. it requires knowing the
full plane-wave scattenng matrix {6) for the buned object
for ail incident and scattered plane waves. For scatterers
of arbitrary shape where numerical inethods are generally
required to determine the scattering charactertstics. this
requires & large amount of computation.

In this paper we use the Born approximation (also called
the Rayleigh-Gans approximation [7]) to obtain an ap-
proximate expression for the scattering matrix of the bur-
ied object in terms of an integral over the volume of the
object. For simple shapes (such as a sphere, a circular
cylinder, o1 a rectanguler box), the volume integral can
be evaluated analytically to obtain a closed-form expres-
sion for the scattering inatrix. The Borm approximation
requires small contrast between the electrical properties
of the buned object and the earth. This requirement is
fairly restrictive. bt the low-contrast case is important
[8] because it represents a difficult detection situation. For
example, the detection of plastic mines in dry. sandy soil
1s difficult because of the low dielectric contrast [9].

The organization of this paper is as follows. In Section
Il we review the plane-wave scattering-matrix formula-
tion for the geometry of a buned scatterer [S]. In Section
IIl we use the Bom approximation to derive the plane-
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wave scattering murix for a buried objcct of low contrast.
Specific results are given for a sphere, a circular cylinder,
and a rectangular box. In Section IV we present numerical
results for the scattered field above the earth when the
incident ficld is & plane wave. Conclusions and recom-
mendations for further work arc contained in Section V.

I1. PLaNE-V/AVE SCATTEKING-MATRIX FORMULATION

The geometry for a scatterer located in a half space is
shown in Fig 1. The unprimed coordinate system (x, y,
z) has 1ts origin at the interface (z = 0), and the primed
coordinate system (x', y', z') is centered at the scatterer.
The region : < 0 has permittivity € and permeability u,
and the region 2 > 0 has permittivity ¢’ and permeability
p'. Both regions are isotropic, but € and ¢’ can be complex
to allow for loss. The time dependence is exp ( —iwt).

The more general problem. which includes the source
antenr a, has been formuiated in [5]. In this section we
extract Hnly those results from [5] that are needed to ana-
lyze the scottering problem. Throughout this paper we
follow the nowation of Kerns {o].

A. Plane-Wave Represenictions

We define region | to be a homogeneous half space, z
< 0. In this region we can write the electric field E; as
an integral of the plane-wave spectrum

o

E (r) = S

+a,(m. KYE; (K. r)] dk,dk, (1)

21 [6/(m, K)E (K. r)

8,

where a, and b, are plane-wave coefficients, and r is the
position vector. A similar expression can be written for
the magnetic field [5]. The integrations arc taken over real
values of the wavenumbers k, and k,. K is given by K =
k.e + k,e ., where e, e, and e. are unit vectors.

The plane-wave field E} is transverse magnetic (TM)
for m = 1 or transverse electric {TE) for m = 2. The
propagation vector k* can he writter in the following
form:

k* = K + vye, (2)
where y = (k¥ = KH)'"? k? = w'ue, and K* = K - K.

The sign of the square root is chosen so that the imag-
inary part of - is positive. If the imaginary part of ¥y is

U.S. Government work not protected by U.S. copyright

3-(B2)




Electromagnetic Scattering by Buried Objects of Low

Contrast

David A. Hill

Reprinted from
IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING
Vol. 26, No. 2, March 1988

3-(B1)




IEEE TRANSACTIONY UN GEUSUIENCE AND REMOTE SENSING., VOL 26. NO 2. MARCH 1983 195

Electromagnetic Scattering by Buried Objects of Low
Contrast

DAVID A. HILL, reELLOW, IEEE

Abstraci—W e use the Born approximation to derive the plane-wave
scattering matria for objects of low dielectric contrast. For general
shapes 8 numerical integration over the volume of the scatterer is re-
quired, but analytical expressions are derived for a sphere, a circular
cylinder, and a rectanguiar box (parallelepiped). The plane-wave scat-
tering-moatrix theory is used to account for the air-earth interface. Nu-
merical results ure presented for the scattered near field and far field
for plane-wave excitation. The scattered fields are weak for low-con-
trast objects, but the near-field results have appiication to electromag-
netic detection of buried objects.

1. INTRODUCTION

HE ANALYSIS of electromagnetic scattering by bur-

ied objects [1]-]4] is complicated by the presence of
the air-earth interface. The plane-wave scattering-mat- «
formulation {5] provides a convenient means for combun-
ing the source, scattering, and interface effects and for
including interactions. However, it requires knowing the
full plane-wave scattering matrix [6] for the buried object
for all incident and scattered plane waves. For scatterers,
of arbitrary shape where numerical methods are generally
required to determine the scattering characteristics, this
requires a large amount of computation,

In this paper we use the Born approximation (also called
the Rayleigh-Gans approximation [7]) to obtain an ap-
proximate expression for the scattering matrix of the bur-
ied object in terms of an integral over the volume of the
object. For simple shapes (such as a sphere, a circular
cylinder, or a rectangular box), the volume integral can
be evaluated analytically to obtain a closed-form expres-
sion for the scattering matrix. The Born approximation
requires small contrast between the electrical properties
of the buried object and the earth. This requirement is
fairly restrictive, but the low-contrast case is important
[8] because it represents a difficult detection situation. For
example, the detection of plastic mines in dry, sandy soil
is difficult because of the low dielectric contrast [9).

The organization of this paper is as follows. In Section
II we review the plane-wave scattering-matrix formula-
tion for the geometry of a buried scatterer [5]. In Section
II we use the Bomn approximation to derive the plane-
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wave scattering matrix for a buried object of low contrast.
Specific results are given for a sphere, a circular cylinder,
and a rectangular box. In Section IV we present numerical
results for the scattered field above the earth when the
incident field is a plane wave. Conclusions and recom-
mendations for further work are contained in Section V.

II. PLANE-WAVE SCATTERING-MATRIX FORMULATION

The geometry for a scatterer located in a half space is
shown in Fig. 1. The unprimed coordinate system (x, y,
) has its origin at the interface (z = 0), and the primed
coordinate system (x’, y’, z') is centered at the scatterer.
The region z < 0 has permittivity ¢ and permeability g,
and the region z > 0 has permittivity ¢’ and permeability
p'. Both regions are isotropic, but € and ¢' can be complex
to allow for loss. The time dependence is exp ( —iwt).

The more general problem, which includes the source
antenna, has been formulated in [5]. In this section we
extract only those results from [5] that are needed to ana-
lyze the scattering problem. Throughout this paper we
follow the notation of Kerns [6].

A. Plane-Wave Representations

We define region 1 to be a homogeneous half space, z
< 0. In this region we can write the electric field E, as
an integral of the plane-wave spectrum

oo

E(r)= SS m%l [61(m, K)E, (K, r)

+a(m,K)E, (K, r)] dk,dk, (1)

where a, and b, are plane-wave coefficients, and r is the
position vector. A similar expression can be written for
the magnetic field [5]. The integrations are taken over real
values of the wavenumbers k, and k,. K is given by K =
k.e, + kye,, where e,, e, and e. are unit vectors.

The plane-wave field E} is transverse magnetic (TM)
for m = 1 or transverse electric (TE) for m = 2. The
propagation vector k* can be written in the following
form:

k* =K + vye. (2)
where y = (k? — K%)'/2 k* = w’ue, and K2 = K - K.

The sign of the square root is chosen so that the imag-
inary part of v is positive. If the imaginary part of v is
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Fig. 1. Geometry for a scatterer located in a half space.

zero, then the sign is chosen so that y is positive real. We
define the following transverse unit vectors:

x, = K/K and x, = e.xk, (3)
which are respectively in and perpendicular to the plane
ot k* and e,. The TM plane-wave field is given by

Ei = (ki F Ky 's)u? (4)

where u* = exp (ik* - r)/(2x). The superscript + re-
fers to propagation in the +z direction. The TE plane-
wave field is given by

E

In some cases, only the transverse components of the
electrical field are required. From (1)-(5). we can write

= Kzut. (5)

™y

E.(r) = SZ[b(mK s

+ a,(m, K)e"i’:]xmeiK‘RdK (6)

where r = R + e, and subscript 1 denotes the transverse
components. When z components are desired, they can be
obtained from (1) or from the transverse components and
Maxwell's equations. In (6) and throughout the rest of
this paper, summation over the values 1 and 2 of the po-
larization index m and integration over the infinite k,, k,
plane are understood.

We define region 2 to be a slab region (—d < 7’ <
23 ) between the scatterer and the interface. In this region
we can write the transverse electric field in a manner anal-
ogous to (6)

1
E;(r) = 77 S 2 [bi(m, K) exp (—iv'z')
+ aj(m, K) exp (iv'z")] kn
-exp (iK - R')dK (7)
where r=R + e,y = (k'? - KH'? and k'? =

w'n'e’. We could write a similar expression for the field
in the region, 2’ > zj, but this region contains no sources

. and does not affect the scattering.

B. Scattering Matrix

The plane-wave scattering matrix 53, of the buried ob-
ject relates the coeflicients of the incoming and outgoing
plane waves. The outgoing plane wave coethicients b} can
be written [6]

by(m, K) = S 2 S5(m. K; n. L)

L n

ayd{n. LydL (8)

where n and L represent the polanzation and transverse
wavenumbers of the incoming plane waves. We could
write a similar expression for the coefhcients b of the
plane waves scattered in the positive Z’ direction, but we
are not concerned with the fields in the region, 2 > z;.
For general scatterers, the calculation of S5, 1s a big job.
However, for objects of low contrast the Born approxi-
mation simplifies the calculations, as shown in Section
IIl.

For later work it is convenient to rewrite (8) in the fol-
lowing shorthand notation [6]:

by = $3.a;. (9)

Here 5'3’2 is a square matrix representing S3.(m. K. n, L)
according to the values of m, n, K, and L. Similarly. b,
and d; are column matrices representing b3{(m, K) and
ax(n, L).

C. Scattered Field in Region 1

For detection of buried objects, we are interested pri-
marily in the scattered fields in region [ that is normally
free space. In (1), b, is the coeflicient of the incident plane
waves, and a, is the coefficient of the scattered plane
waves. Thus, we need to determine a, interms ot ;. This
can be done by matching the fields at the interface (2 =
0) and using the scattering matrix relationship in (8) or
(9). The result in shorthand notation is {5]

a = Rib, + T':85 (1 — RLSH)T'T4Lb,. (10)

Here 1 is the identity matrix, R.. and R}, are diagonal
reflection-coefficient matrices, Tp and Tsl are diagonal
transmission-coefficient matrices, and the superscript ¢ in-
dicates translation. The expressions for the diagonal ele-
ments are [5]

lu = Ry, 122 = Rzz‘-":y'd
Ty = Tye"?, Th = Tye (11)
where , ,

Mm — Mm M — N

Ry=———7, Rp = -,—“—m

M + NMm M + NMm

2n, 2

Tp=—""— T=—""_  (12)

Mm + Mm N + Mm

The quantities in (12) are plane-wave reflection and trans-
mission coefficients, and the admittances are given by

i

we/y, m = v/(wp)
=5'/(wp'). (13)

T

we'/y', 2

]

M
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The physical interpretation of (10) is clear. The first
term represents specular reflection (R},) of the incident
field (b,) from the planar interface. The second term is
caused by the buried object. It involves transmission into
the lower medium ( T5,), scattering by the buried object
($5,), and transmission back into region 1 (7,). The in-
verse factor represents multiple reflections between the
buried object and the interface. The multiple reflections
can be shown explicitly if we expand the inverse in a geo-
metric series

(1- ﬁﬁzgiz)_l =1+ Rp&,

PR SN
+ (RpSn) + -+ (14)
If we have weak scattering as in the low-contrast case,
then multiple reflections can be neglected, and the first

term i (14) is sufficient. In this case, (10} reduces to
a = Rib, + T1,85,T4b,. (15)

III. BORN APPROXIMATION

The geometry for a homogeneous scatterer of permit-
tivity ¢, imbedded in a homogeneous medium of permit-
tivity ¢’ is shown in Fig. 2. We assume no magnetic con-
trast so that both media have magnetic permeability yx’.
The refractive index n of the scatterer is

n= (e,/e’)‘/2 (16)

and n can be complex because both ¢’ and ¢, can be com-
plex. The Bomn approximation is valid under the follow-
ing conditions [7]:

In - 1| <1 and s|k'(n-1)] <1 (17)

where k' = w(p'e’) /2 and s is the maximum linear di-
mension of the scatterer. (The Born approximation is also
called the Rayleigh-Gans approximation [7], but we will
use Bormn in this paper to avoid confusion with Rayleigh
scattering discussed in Appendix B.) Under the above
conditions, the electric field within the scatterer is equal
to the incident field E'. The scattered field can be com-
puted as the field radiated by the equivalent current den-
sity J, located within the scatterer volume

J.(r) = —iwe'(n® = 1) E'(r,). (18)

In this section we will use (18) to derive the scattering
matrix for scatterers of low contrast.

A. Scatterers of Arbitrary Shape

Although we require the scattering matrix S3, as defined
in (8), we find it easier to derive the dyadic scattering
matrix s3, first. The two forms contain the same infor-
mation, and the derivation of S3, in terms of the dyadic
scattering matrix is given in Appendix A. The dyadic
scattering matrix relates the vector coefficients of the in-
coming and outgoing plane waves as follows [6]:

B(K) = | sh(K.L) - ay(L)dL~  (19)

Fig 2. Geometry for a scatterer of permittivity ¢,

The vector plane-wave coefficients are related to the sca-
lar coefficients by

bi(K) = bi(1. K) (x; + Ky''e) + b3(2. K)k;
(20)

L) = ax(1, L) (% — Ly, 'e.) + a3(2. L)k,
(20)

1)

The subscript L on v’ and & refers to an incoming plane
wave with transverse wavenumber L.

Kems [6. pp. 124-129] has presented a general for-
malism for the scattering matrix, and we follow his ap-
proach and notation in our application of the Born ap-
proximation. We assume that the incident field is a plane
wave of the form

o~

L) e
5y CXP (il r').

where I'" = L + je..

E'(r') = ?

(21)
Then the integral in (19) reduces to a dot product [6]
b;(K) = sp(K, L) - ai(L). (22)
If we substitute (21) into (18), the equivalent current den-
sity of the scatterer is
—iwe'(n? — 1) ai(L)
27
The task now is to derive an expression for b; in terms
of J, so that we can identify the form of s3,. Kerns [6. pp.
124-127] has already derived the plane-wave spectrum of
the fields radiated by prescribed currents in a volume. If

we substitute (23) into his result and perform some alge-
bra, we obtain

k'*(n® - 1)1,
81'2‘)‘,

J.(r) = exp (il'" - r). (23)

bi(K) = m(k'7) - m(I'") - ax(L)

(24)
where
Iy = g exp [i(I'* — k'7) - r] dr,
| 4
and V is the volume of the scatterer. The projection op-

erator % in (24) is defined as [6]

n(k) =1 - kk/k’ (25)
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where 1 is the unit dyad. From (22) and (24), we can
identify the dyadic scattering matrix

ik:l(nz —_ l)[y”(k'_) .
8”2‘7’ N

The equivalent scalar form S5, is given in Appendix A.

The form of the dyadic scattering matrix for low-con-
trast scatterers is similar to that for a small dielectric
sphere [6], and analytical and numerical comparisons are
given in Appendix B. All of the shape dependence is con-
tained in [, and I, is evaluated for some specific shapes
in the next section. For very small scatterers, Iy is ap-
proximately equal to the volume V, and s3, is proportional
to (n° — 1) V. This simple dependence is consistent with
measurements of the scattered field (and detectability) of
plastic mines buried in dry sandy soil [9].

s5-(K, L) = n(I'*). (26)

B. Scatterers of Simple Shape

In general, I, as given by (24) must be evaluated nu-
merically. However, for some simple shapes the integra-
tion can be performed analytically. In this section we
evaluate [, for a rectangular box (parallelepiped), a cir-
cular cylinder, and a sphere. We first rewrite [, 1n the
following equivalent form:

I, = S exp (ip - r,) dr, (27)
| 4

where
p=1l"—-k" =pe +pe +pe,.
Both p, and p, are real, but p. can be complex because
v/ and ¥’ can be complex.
The geometry for a rectangular box of dimensions 2a

by 2b by 2¢ is shown in Fig. 3(a). For this shape, (27)
can be rewritten as

e h a
I = 3 S_b S exp [i(px’ + pyy' + p.2')]

s dx' dy' d7’. (28)
The integrations in (28) are easily performed to yield
sin (p.a) sin (p.b) sin (p.c)
p.a p.b p:c
where V = 8abc. (29)

For an electrically small box, all of the sine arguments
are small, and /, approaches V.

The geometry for a circular cylinder of height 2h and
radius a, is shown in Fig. 3(b). For this shape, (27) can
be rewritten as

h 2r par
S S S exp {i[p’(p, cos ¢’
-h 0

0

IV=V

,y=

+ p,sin¢’) + p:z']}p’ dp’ d¢’ dz’. (30)

The ' integration can be performed to yield a sine func-
tion, and the ¢’ integration can be performed to yield a

2a
2b
cS
~ x
2
/ :
v
z
(a)
aC
.
2h T €, ]
7 - e €

(c)
Fig. 3. Geometry for scatterers of special shape centered at the origin: (a)
rectangular box (parallelepiped), (b) circular cylinder, (c) sphere.

zero-order Bessel function {10]

sin (p.h)
(p:h)

where u = (p? + p_f)'/z.

ac
Iy = 4xh S Jo(up') p’ dp’,
0
(31)

The p’ integration can be performed by using recurrence
relations [10] to yield a first-order Bessel function

J\(ua,) sin (p;h)
(ua./2) (p:h)

L=V where V = 2hxa’.

(32)

For an electrically small cylinder, the arguments of the
Bessel function and sine are small, and 7, approaches V.

The geometry for a sphere of radius a, is shown in Fig.
3(c). For this geometry, (27) can be written in spherical
coordinates :

as 2 1 4
I, = So So So exp {ir’[sin ' (p, cos ¢’
+ p,sin ¢’) + p} cos 0']}
- r'? sin 0’ do’ d¢’ dr'. (33)

Because of the spherical symmetry, we can perform the
0’ and ¢’ integrations to yield

a . ,
sin (vr
IV = 4rx S .___(__,__2 rr2 d’.!’
0 ur

where v = (p? + pt + p?)'%. - (34)
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The r’ integration can be evaluated using integration by
parts, and the final result for /; is

,sin (va,) — va, cos (va.)
ly = l 3

(va,) /3
whewe V = 4izal/3.

(35)

For an electrically small sphere, the arguments of the sine
and cosine functions atc small, and 7, approaches V.

The expressions for the cylinder in (32) and the sphere
in (35) are in agreement with previous Born approxima-
tion results [7], but the notation is different. The validity
of the Born approximation has been studied numerically
by Kerker er al. [11] for dielectric spheres. They com-
pared plane-wave scattering as given by the Born approx-
imation results in (35) with the exact Mie series [7, ch.
9] for wide ranges of values of n and !k’ | a and generated
plots of the errors of the Born approximation. Their re-
sults show a useful range of values where the Bom ap-
proximation is within 10 percent of the Mie series resulis.
All of cur specific cases for spherical scatterers in Section
1V fall within this region where the Born approximation
error is less than 10 percent. We have no exact solution
for rectangular boxes or cylinders of finite length, but we
can expect similar ranges of validity because the shape
does not appear in the criteria of validity in (17).

Since we have the scattering matrix for three different
shapes. it is possible to derive the scattering matrix for a
variety of shapes (such as a cylinder on a box) by super-
position. For the box and the cylinder, we have assumed
that a flat face is parallel to the x'y’ plane. It is possible
to treat arbitrary orientation by introducing appropriate
coordinate rotations.

IV. NuMericaL RESULTS FOR PLANE-WAVE INCIDENCE

The geometry of plane-wave incidence is shown in Fig.
4. The incident plane wave can have either TM (parallel)
or TE (perpendicular) polarization. For TM polarization,
the incident electric field E' is

E' = esEyexp (ik, - r) (36)

where
k, = K, + ek cos 8,
K, = ksin 6;(e, cos ¢, + e, sin ¢,),

6, and ¢, are incident elevation and azimuth angles, e, is
a unit vector in the 8, direction, and E, is a constant. For
the incident TM field in (36), the corresponding b, coef-
ficients in (1) are

b,(1,K) = 2xEycos 6, (K — K))

and b,(2, K) = 0. (37)
For TE polarization, the incident electric field is
E' = e, Ege™" (38)

where e, is a unit vector in the ¢, direction. For the in-
cident TE field in (38), the corresponding b, coefficients

Fig. 4. Geometry for plane-wave incidence.

in (1) are
bl(l, K) = 0
and b,(2, K) = 2xE6(K — K)). (39)

The second term in (15) represents the field scatiered
into region 1 from the buried object, and we define it as

a; = 71,85, 74,6, (40)

In Section A we present numerical results for the scattered
far field, and in Section B we present numerical results
for the scattered near field. In both sections we show only
the field scattered from the buried object and do not in-
clude the specular reflection from the planar interface.

A. Scattered Far Field

The geometry for the scattered far field is shown in Fig.
5. When &r is large, the scattered field can be evaluated
asymptotically (6, p. 58]

eil(r
E} ~ ik|cos 8| -

“[ai(1, K) (—k/v) e

+ai(2,K)e,)|, (41)

=kR/r’
For all of the numerical results, we set the permeability
equal to the free-space value everywhere. For region 1 we
set the permittivity e equal to the free-space value. For
region 2 we set the complex relative permittivity ¢’ /e =
3.0 + i 0.1, and this value is representative of fairly dry
sand [12]. For the buried object we set the complex rel-
ative permittivity ¢./e = 2.9 + i 0.05. This value is rep-
resentative of some plastics and explosives and satisfies
the low-contrast condition in (17). Since the scattered field
strength is proportional to | n> — 1], results for other val-
ues of ¢ can be obtained easily. The azimuthal incidence
angle ¢; is zero in all cases.

The normalized scattered field strength for ¢ = 0 as a
function of @ is shown in Figs. 6-10 for various cases.
The relevant dimensions are normalized to the free-space
wavelength A (= 2x /k). For a typical frequency of 600
MHz, A = 50 cm. In all cases, the buried object has a
volume of 0.008\>.

The dependence on the burial depth of a cube is shown
in Fig. 6 for normal incidence (6, = 0). Ford/\ = 0.1,
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Fig 5. Geometry for the scattered far-field.
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Fig. 6. Scattered far ficld for a cube located at various depths d. Normal
incidence (6, = 0).

6)(10_4 T T T T T
Sphere—~_ _ -~~~
5x 1074} >
,~"Box |
sy 4X10-4 ,, e o
w ’ _\/
’
D 3% 10-4} ’ ,/ -Cylinder
w ’
= ,/
= /s
-4 [/
T~ 2x 107t ,/ ;
= (]
1x 1074} 1
d/idA = 0.2
L iob i I L 1 1

0
90° 120° 150° 180°

0.1 M), a circular

Fig. 7. Scattered far field for a cube (a = b = ¢ =
= 0.1241 \) for normal
).

cylinder (A = a. = 0.1084 \), and a sphere (a,
incidence. All have equal volumes (¥ = 0.008 A®

the upper surface of the cube is flush with the interface.
Results for a sphere, a cube, and a cylinder are shown in
Fig. 7, and there is some shape dependence. Results for
a cube, a flattened box, and an elongated box are shown
in Fig. 8. The flattened box has the largest scattered field
because of the sin (p,c)/( p,c) factor in (29).

The effect of incidence angle is shown in Figs. 9 and
10. For TE polarization in Fig. 9, the curves lose their
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Fig. 9. Scattered far field for a cube for TE incidence at various angles 8,.
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Fig. 10. Scattered far field for a cube for TM incidence at various angles

0,.

symmetry for 6, # 0, and the peak is shifted toward the
specular direction. However, the general field level de-
creases because of a decrease in the transmission coeffi-
cient (T,,) of the incident field. For TM polarization in
Fig. 10, the peaks are shifted in the opposite direction,
and this is a result of the polarization properties of the
scattering matrix as given by (26). In all cases, the scat-
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Fig. 12. Scattered near field for a rectangular box for normal incidence.
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Fig. 11. Scattered near field for a cube for normal incidence 4x10°?
x
L a=b=c= 0 1)x
. . . 2ih = 01
tered far field is zero at the interface (8 = 90°), and this
is consistent with calculations by other mcthods {4].
B. Scattered Near Field
The scattered near field is of interest in detection where
the receiving antenna is located near the interface. From N
(6) and (40), the transverse components of the scattered 20 3.0
near field are
| x/A
s _ s : Fig. 13. Scattered near field for a cube located at various depths for normal
P = — —
II( 27|' S % Kmal(m‘ K) exp ( I'YZ) incidence.

- exp [i(kx + k,v)] dk, dk,. (42)

A similar expression for the z component can be obtained
from (1). For a fixed value of z, the double integration
over k. and k, can be approximated [13] by a two-dimen-
sional fast Fourier transform (2D FFT). Thus, a rectan-
gular grid of field values at discrete values of x and y is
computed rapidly by 2D FFT.

In Figs. 11-16, we show the normalized magnitude of
E; as a function of x for TE polarization. There are also
small x and z components, but the ¥y component is domi-
nant. The v component is the one of interest in detection
systems when v-directed dipoles are used for transmitting
and receiving.

The near field for several values of y at a height of
0.1 X above the interface is shown in Fig. 11. The peak
value occurs directly above the buried cube for normal
incidence (8, = 0). The scattered field is small compared
to the incident field because of the low dielectric contrast.
The scattered field is somewhat larger for the flattened
box in Fig. 12.

The depth dependence is illustrated in Fig. 13. The re-
sponse is decreased and stretched out as the depth is in-
creased. The height dependence is shown in Fig. 14, and
this is important for liftoff considerations of real detec-
tors. It is most desirable to locate the receiving antenna
as close to the interface as possible.

The effect of the incideace angle is shown in Fig. 15
for a rectangular box scatterer. For 6, # 0, the peak field

5x 107 T N
a=b=c=01A
4x 107K diA = 0.2 ]
u_f’ 3x 1073
~~
lll:u>~
= 2x1073

1% 10°?

x/A

Fig. 14. Scattered ncar field for a cube at various heights above the inter-
face for normal incidence.

is no longer located directly over the scatterer, but is
shifted in the specular direction. This shift in the peak
field also occurs for other values of y as shown in Fig.
16.

V. CONCLUSIONS

We have used the Born approximation to obtain the
scattering matrix for buried objects of low contrast. For
general shapes a numerical integration over the volume of
the object is required, but for some special shapes (sphere,
circular cylinder, and rectangular box) the integration can
be done analytically.
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Fig. 16. Scattered near field for a rectangular box tor oblique incidence.

We have used the plane-wave scattering-matrix for-
mulation to compute the scattering from buried objects of
low contrast. Numerical results have been presented for
the scattered far field and near field. Near fields are cal-
cutated using 20 FFT, and no Sommerfeld integral eval-
uations are required. The scattered fields are fairly weak
because of the low dielectric contrast, but this is an im-
portant case in detection of buried objects.

A number of extensions to this work would be useful.
Rather than plane-wave incidence, we could treat the in-
cident field from the transmitting antenna of an actual de-
tector by using the plane-wave scattering matrix theory
(5]. The plane-wave characteristics of the receiving an-
tenna could also be included in the calculations. This
would allow companson with UHF detection measure-
ments for dielectric objects buried in sand. Other object
shapes could be analyzed by combining the simple shapes
studied in this paper. It would also be interesting to carry
this approach over to the time domain [14].

APPENDIX A
ScaLAar ForRM OF §3,

We first re.. rite the dyadic scattering matrix of (26) in
the following form:
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14 x 10
- = = Rayleigh -
12x 10 ' — Born e
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— 73 ’
04 x 10 ™~
1
1S a /A= 006205
02x 1077
/) o L aemze---
' = = {
0 }
90¢ 120° 150° '80°
6
Fig 17 Comparison of Rayleigh and Born approvmations tor far field
scattered by a sphere at depth o = 0 2 A for normal incidence
so(K L)Y = fiam(k’ ) - w(l 7).

k(s = 1)1,

5 (Al
8-y’ )

where fi, =
The conversion from s3, to S, is given by Kerns [6]. and
in general it involves several dot products of vectors and
dyads. However, for the special form of s, in (Al). $3;
reduces to

k.

Si-(1, K; —=
& ;

€ (K 7) - e(I'") fr

Sl K 2 L) = ey (k') - wa(L) foy

k' .
552(2' K; 1, L) = F KZ(K) ) epur(l’ )fJZ
and $5,(2. K: 2, L) = &:(K) - x(L) fo,. (A2)
The parallel unit vectors in (A2) are defined as [6]
k’_ ’+
eul(k'™) = "2("')’7(7‘ and e, (I'") = % (L)x 7
(A3)
APPENDIX B
COMPARISON WITH RAYLEIGH SCATTERING FOR A
SPHERE

In Rayleigh scattering [7, Sec. 6.1], the electrical size
of the scatterer is small compared to the wavelength in the
surrounding medium (|k'|a, << 1). Under this condi-
tion, the dyadic scattering matrix for a dielectric sphere
is [6, p. 130])

$32(K, L) = frgn(k'™) - =(I'"),

3ik'(n® - 1)V

8x2y'(n? +2)° (B1)

where fy5 =
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Conpata. o> by and (B, we see that the dyadic function
is the sarne oo 0 ihe scalar functions are shightly different.
Ihe tatico ¢f The scatar Tunctrons s

jid (B2)

/A N /’;.I - ; 2Ty ( “
(n‘ * 2 ) I;

Forlow conttost an = 1oand tor small 'k ja, [ = V.
Under these coadiaons, the ratto in (B2) is approximately
1, and the Ravleigh and Born approximations agree.

A numancdl cotnpanson for scattering by a buned
sphere s shownoan Fag 17, The permittivities and the
depth ot tie sphoie are the same as in Fig. 7. Fora, /N =
O 1231 x 4 = 1 35, and Rayleigh scattering is not
vabid bor o A= 006205 k& a, = 0.675, and Ray-
lergh soaticniie s nearly valid, For this case, the Born
and Ravicigh cunves in Fig 17 are in fairly close agree-
ment
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Fields of Horizontal Currents Located
Above the Earth

DAVID A. HILL, reLLOow, IEEE

Abstract—The plane-wave spectrum technique is used to derive the
fields of horizontal currents located in a horizontal plane abave the
earth. The far field is derived asymptotically, and the near field is com-
puted by two-dimensional fast Fourler transform. Specific numerical
results are presented for a pair of oppositely ‘iirected dipoles, and the
results have application to detection of buried objects. When the an-
tenna is located at low heights, the fleld is enhanced in the earth and
decreased in air.

I. INTRODUCTION

ADIATION from antennas near the earth has been

studied by many investigators, and Banos [l] has
summanzed many of the results for Hertzian electric and
magnetic dipole sources. More recently Smith [2] has used
the plane-wave spectrum technique to study transmission
into a lossy half space. Hill and Cavcey [3] have used the
related plane-wave, scattering-matrix technique [4] to in-
clude interactions between antennas separated by a planar
interface and between an antenna and an interface.

In this paper we specialize the scattering-matrix tech-
nique [3] to the case of an antenna with horizontal cur-
rents located in a honzontal plane over a horizontal, air-
earth interface. This case includes many of the antenna
types, such as horizontal loops [S] and dipoles [6], which
are used in detection of buried objects.

The organization of this paper is as follows. In Secticn
IT we derive the plane-wave spectrum of the primary fieids
of horizontal currents in free space. In Section III we ob-
tain the transmitted and reflected fields from the previous
results in [3]. In Section IV we obtain the plane-wave
spectrum of the fields of oppositely directed dipoles of
finite length. This type of antenna has a null in a vertical
plane to reduce strong ground reflections and has been
used for detection of buried objects. Section V contains
numerical results for the far field and the near field of
oppositely directed dipoles. The near fields in the earth
are of particular interest in detection of buried objects.
Section VI contains conclusions and recommendations for
further study, and the Appendix contains an analytical
expression for the ratio of the field strength in the earth
to the field strength in air.

Manuscript received October 19, 1987 revised May 12, 1988. This work
was supported by the U.S. Army Belvour Research and Development Cen-
ter.

The author is with the Electromagnetic Fields Division, National Bureau
of Standards, Boulder, CO 80303.

IEEE Log Number 8823376.

I1. PriMARY FIELDS

The geometry for horizontal currents located in a plane
(z = 0) above a half space is shown in Fig. 1. We assume
that the electric surface current density J,(R,) is known,
and the time dependence s exp ( —iwt). The interface is
located at z = h, and a primed coordinate system (x' =
x,y' =y 7' =z — h)has its origin at the interface. The
complex permittivity ¢ and permeability i of the region,
z < h, are arbitrary, but will later be set equal to their
free-space values. The formulation and notation will fol-
low [3] and [4] fairly closely.

In the region z < h the primary electric field Ef can be
written as a spectrum of plane waves (4]

oo

2
SS Zzl! by(m, K) E:(K, r)dk, dk, (1)

— oo

Ei(r) =

where r is the position vector, and the subscript g takes
the value 1 forz > O and 2 for : < 0. Forg = 1, we
take the positive superscript of E_, and for g = 2, the
negative superscript. The integrations are taken over real
values of the wavenumbers k, and k,, and K is given by
K =k.e, + k,e, wheree,, e, and e, are unit vectors. An
expression similar to (1) can be written for the magnetic
field, but in this paper we are interested primarily in the
electric field.

The plane-wave field E X is a transverse to the propa-
gation vector. E ! is transverse magnetic (TM) form = 1
or transverse electric (TE) for m = 2. The propagation
vector k¥ can be written

k* = K + ve, (2)

where y = (k? — K2)'/2 k* = wlue, and K2 = K - K.

The sign of v is chosen so that the imaginary part of y
is positive. If the imaginary part of v is zero, then the
sign is chosen so that vy is positive real. We define the
following transverse (to z) unit vectors

(3)

which are respectively in and perpendicular to the plane
k* and e,. The TM plane-wave field is given by

x, = K/K and x; = e,xK,

Ef (K, r) = (x) F Ky 'e)u? (4)

where u* = exp (ix* - r)/(27).

U.S. Government work not protected by U.S. copyright
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Fig 1. Geometns for honizontal surtace currents an the plane - = O at a

herght b abose the interface.
The TE plane-wave field 1s given by
EZ(K.r) = xou-. (5)
The scalar coeflicient b, (m, K ) in (1) can be written in
terms of a vector coefhicient
b,(m K) = x, - b,(K). (5)

Kems [4. pp. 124-127] has derived the vector coefhicient
in terms of an integral over the source current. For the
geometry in Fig. 1, we can write his result in the form

b(K) = ~(k*/y)n(k*) - UK) (7)

where U(K) = 1 /47we [J (R) e * ® dR,.
The projection operator = in (7) 15 defined as (4]

n(k*)=1-k*k*/k’ (8)
where 1 is the unit dyad.

I1I. REFLECTED AND TRANSMITTED FIELDS

In the region, z < h. the refiected electric field E| can
be wntten 1n a form similar to (1)

o

E'(r) = gg mz;ll a(m, KYE, (K. r)dk, dk,. (9)

o
- oo

The coefficient a; has been derived in [3]
a(m, K) = Ry b(m, K). (10)

The superscript ¢ indicates that R}, is a translated refiec-
tion coeflicient

Rln = Rne'zyh (“)
where

N = Nm
== 0 = we/y,m = v/(wp).
M + M

R,
n o= we' /[y mr =y (we'),
‘Y, — (klz — K’.’.)l/2

The total field E(r) in the region, z < h, is the sum of

, and k'’ = olu'e.

727

the primary and reflected fields: E(r) = El(r) +
(r).
In the lower medium, z° > O orz > h, the transmitted
electric field E;' can be written in a form similar to (1)

v

@
5

B(r) = H 2 aim. K)E, (K, r)dk, dk,. (12)

The plane-wave field E,," is given by
Ei'(K.r)y=(x, — Ky 'e.)u’" and

E;' (K. r') = xu’ (13)
where
' =exp(ik’” - r)/(27) and k'" = K + y'e..
The coeflicient @: has been derived in [3]
aim. K) = Tyb(m, K). (14)
The superscript r again indicates translation
S = Tye™ (15)
wiiere
Ty = —2Mm
I P P

IV. OpposITELY DIRECTED DiPOLES

A transmitting antenna of particular interest in detec-
tion of burted objects at shallow depths is shown in Fig.
2. The antenna consists of two x-directed dipoles of length
L fed in opposition and separated by a distance s. This
type of antenna has a null in the x2 plane even when it is
located over a homogeneous half space or a horizontally
stratified half space. We do not consider the receiving an-
tenna in this paper, but it is normally an x-directed dipole
located at the origin. Thus it will respond to inhomogene-
ities that are asymmetrical with respect to the xz plane,
but not to a homogeneous or horizontally stratified earth.
In this paper our interest is in the near fields to see how
buried objects will be illuminated.

We assume sinusoidal current distributions on the op-
positely directed dipoles that can be represented by the
following surface current distribution:

I sin [k<§ - |x,|>1
sin (kL/2)
) [6(),3_5/2)_6(}':+5/2)] (]6)

where I is the feed current of each dipole and & is the
Dirac delta function. It would be possible to solve for the
current distribution on a pair of wire antennas over the
ground by the method of moments (7], but the classical
sinusoidal current approximation [8] is adequate for our
field calculations as indicated in Section V.

If we substitute (16) into (7) and carry out the R, inte-

Ji(R,) = e,
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Fig 2 Geometry for oppositely directed dipoles at a height h above the
earth.

gration, we obtain the following result for U(K):

etl()

rioe sin (kLy2) 1 (kss/2)

UK) =

k{cos (k.L/2) — cos (kL/2)]
' K= i2 ‘

(17)

As given by (17), U(K) is indeterminate at k, = +k.
This special case can be evaluated directly from (7) and
(16) to yield

[/

L
= &% Gin (k,s/2).
[ 3 ’

NS

(18)
Thus U(K ) for the current distribution in (16) is even in
k., odd in k,, and well behaved for all K.

V. NuMEeRricaL REsULTS

In this section we obtain far-field and near-field results
for the oppositely directed dipoles located in air over a
lossy earth. We assume that the magnetic permeability of
both the air and earth is that of free space, u = u’ = pu,,
and that the permittivity of air is that of free space, ¢ =
€o. The dipole length L and separation s are: L = 5 =
0.2735 X, where A is the free-space wavelength (=
27 /k). This corresponds to a physical length and sepa-
ration of 21.59 cm at a frequency of 380 MHz.

A. Far Field .

We first consider the electric field in air (z < 4). When
kr is large, E(r) can be evaluated asymptotically (4, p.
58]

ell(r

E(r) ~ ik|cos8)|

{[bz(l. K) + ay(1, K)] —2-

r cos 8

K=kR/r

+ b2(2. K)e¢3

(19)
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where ey and e, are unit vectors 1 standard spherical co-
ordinates (r, 8, ¢).

The far field 1n the carth can also be evaluated asymp-
totically. When | K" | r i large, the transimitted field is |4,
p. 58]

ik

vl ’ . lt) ’ . ’ R
Ef(r) ~ iy - WS Kk /97 e,

+ ai2. K)e, || (20)

K-aR -

where e, and e, are unit vectors m the primed sphencal
coordinate system (17, 6. 9"). When &' 1s complex, the
far field in the carth has exponential decay in addition to
spherical spreading, and Snmuth {2} hay factored out this
exponential decay in his defimtion of the far-field patiemn.

To venfy that the assumed current distribution in (16)
1s an adequate model for a detector with oppositely di-
rected dipoles, we first compared theoretical and mea-
sured tor-field patterns for tree space conditions (¢ = €).
The measurements were performed in an anechoic cham-
ber in the far field of the oppositely directed dipoles. A
dipole probe was used to measure the electric field
strength. Fig. 3 shows the H-plane (¢ = 90°) pattern,
and the agreement is very good for the dominant horizon-
tal component. The theory predicts no vertical component
of electric field, but the measurement shows a vertical
component about 20 dB below the horizontal component.

Fig. 4 shows the E-plane pattern (8 = 90°), and the
agreement is not as good. Again there is a measured ver-
tical component of electric field about 20 dB down that is
not predicted by the theory. Part of the problem is that
the detector dipoles have some end loading, and there is
a circuit board in the plane of the dipoles. We tried as-
suming a constant current to take account of the end load-
ing, but the sinusoidal current in (16) provided better
agreement in the far-field pattern. The poorer agreement
in the E-plane pattern is not a scrious problem for our
application because most of the interest is in the H-plane
pattern (far field and near field).

In Fig. 5 we show the H-plane pattemn for three antenna
heights over a lossless earth (¢’ /¢ = 4.0). (We use 0 to
represent either § or 8’ because in the far field they are
equal. Because the z-axis is pointed down, & values greater
than 90° represent the pattern in air and 6 values less than
90° represent the pattern in the earth.) The electric field
has only an x-component in the H-plane, and we multiply
E, by the normalization factor r/(lyn) to make it dimen-
sionless. The sharp cusps at the critical angle, 8 = sin™'
[(e/€')'/?] = 30°, have also been observed in the nu-
merical results of Smith [2]. If we wish to maximize the
field in the earth and minimize the field in air, then it is
best to make h as small as possible. This has been done
for a crossed-dipole system [6]. The reason for minimiz-
ing the field in air is to reduce reflections from above-
ground objects.

In Fig. 6 we show the H-plane pattem for three real
values of ¢’ /e. The free-space case (¢’ /e = 1) shows
equal fields in air and earth, but an increase in €' /¢ in-
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Fig. 5. H-plane pattern of oppositely directed dipoles at various heights
above the earth.

creases the fields in the earth and decreases the fields in
air. The case, ¢’ /e = 4.0, is representative of dry soil,
and the case, ¢’ /¢ = 80.0, is representative of water. For
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Fig. 6. H-planc pattern of oppositely directed dipoles located at the air-
earth interface for various earth permuttivities.

€' /e # 1, there is a null along the interface (6 = 90°)
because the reflected and primary fields cancel. The mul-
tiple lobes in the earth for ¢’ /e = 80.0 are a result of the
sin (k_vs/2) factor in (17). For antennas that do not have
a null in the vertical directions (8 = 0°, 180°), the Ap-
pendix contains a simple result for the ratio of the far field
in earth and in air.

B. Near Field

The near fields are actually of more interest than the far
fields in the detection of buried objects at shallow depths
(typicalily less than a skin depth in the earth). From Sec-
tions II and III, we see that all field components require
evaluation of two-dimensional integrals of the form

o

S S F(K)e'™ oY dk dk,,

where F(K ) depends on the particular component and re-
gion. The double integration over k. and &, can be ap-
proximated [9], [10] by a two-dimensional fast Fourier
transform (2D FFT).

The x-component of the electric field E, is dominant
both in the earth and in the air, and in this section we give
numerous results for the normalized, dimensionless x-
component, E,, = NE,/(lyn). All plots show only the
magnitude of E,, because the phase is of less interest. In
all cases E,, has a null at y = 0, and only positive values
of y are shown because | E,, | is even in y.

Figs. 7-10 show | E,, | for an antenna height h of 0.1 A
over a low-loss earth (¢’ /e = 4.0 + i0.1). Figs. 7and 8
show the effect of the offset distance x from the antenna
centerline (x = 0) on the fields in earth and air. The field
in the earth is about twice that in air, and the x and y
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Fig. 8. Normalized electric field in air at vanous x locations. Complex
carth permittivity: ¢’ /¢ = 4.0 + (0.1

variations are about the same. Figs. 9 and 10 show the
field decay with depth in the earth and with height in the
air. The curve for z/N = —0.1 in Fig. 10 has a sharp
peak for the point near the antenna (y = s/2).

Figs. 11 and 12 show the effect of antenna height on
the field at a fixed depth, z ~ h, in the earth and a fixed
height, h — z, in air. As with the far-field patterns, a de-
crease in antenna height causes a desirable increase in the
fields in the earth and decrease in the fields in air.

Fig. 13 shows the effect of increasing loss in the earth.
Fig. 14 shows the effect of increasing the dielectric con-
stant of the earth. An increase in the dielectric constant
shifts the peak toward the origin because the field is re-
fracted toward the vertical direction.
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Fig. 11. Normalized electric field in the carth for various antenna heights.
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Fig. 13. Normalized electric field in the earth for various values of Im
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V1. CONCLUSION

We have used the plane-wave spectrum technique to
derive expressions for the near fields and far fields of hor-
izontal electric currents located above the earth. The far
fields are evaluated asymptotically, and the near fields are
calculated using 2D FFT. The 2D FFT technique is fast
and simple, and it avoids Sommerfeld integral evaluations
that are usually associated with antennas near an interface
(7).

Specific numerical results have been generated for the
far fields and near fields of oppositely directed dipoles
located above the earth. This antenna configuration is of
particular interest in detection of buried objects. Locating
the antenna close to the earth enhances the field in the
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earth and decreases the field in air, and this effect holds
for the near field and the far field.

A number of extensions to this work would be useful.
A buried scattering object [11] and a receiving antenna
could be included in the theory to assess the overall de-
tection effectiveness. The required plane-wave, scatter-
ing-matrix theory has already been developed to handle
such cases [3]. Other antenna configurations could be
analyzed, and the effect of the ground on the input imped-
ance could be studied as a function of antenna height [12].

APPENDIX—FRONT-TO-BACK RATIO

We define the front-to-back ratio FBR (h) as the mag-
nitude of the ratio of the far field in the earth to the far
field in air for the directions normal to the interface (6’
= 0 and 8 = 180°). This definition is not useful for an-
tennas that have nulls normal to the interface as in the
case of oppositely directed dipoles. As in Section V, we
considered the special case, u’ = p = po and € = ¢.
From (19) and (20), we can derive the following:

le2|eik’r'
k(1 + R}))
where the expression is evaluated at K = 0. The expo-
nential factor occurs because the earth is lossy. The height
dependence is contained in R}, as seen in (11). When h
= 0, (Al) simplifies to
FBR(0) = |(¢'/¢)'/*e*"'|. (A2)

When ¢’ is real, there is no exponential decay, and (A1)
reduces to

FBR(h) = (A1)

FBR(h) = k', /[k(1 + RY))]| (A3)

where the expression is again evaluated at K = 0. If in
addition h = 0, (A3) reduces to

FBR(0) = (¢'/¢)'/%. (A4)

This remarkably simple result is consistent with the nu-
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merical results of Smith [2] for a horizontal dipole located
at the intertace. The result in (A4) can also be derived by
reciprocity.
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Near-Field Detection of Buried Dielectric Objects

DAVID A. HILL, fFELLOW, IEEE

Abstract—The plane-wave scatteri.g-matrix method is used to com-
pute the response of a detector to a buried dielectric scatterer. The
Born approximation is used to derive the scattering matrix for scatter-
ers of small dielectric contrast, but the general theory is not limited to
such cases. Specific numerical results are generated for a UHF dipole
detector swept over a buried dieiectric cube. The maximum response
is obtained when the detector is located at the air-earth interface, and
the response decays rapidly with detector height. The sweep curves are
symmetrical in the horizontal direction and have a null when the de-
tector is directly over the object. An experimental curve for a free-
space environment has the same qualitative features.

I. INTRODUCTION

HE analysis of scattering by buried objects [1]-[3] is

complicated by the presence of the air-earth inter-
face. The problem becomes even more complicated when
the characteristics of the transmitting and receiving anten-
nas are included {4}, [5]). The plane-wave scattering-ma-
trix method [6] provides a convenient means of combin-
ing the source, receiver, scatterer, and interface effects in
a self-consistent formulation [7].

In this paper we use the plane-wave scattering-matrix
method to study the detection of buried objects by a de-
tector that is swept over the earth’s surface at a fow height.
Numerical results are obtained for a UHF detector that
consists of oppositely directed transmitting dipoles [8] and
a single receiving dipole. The buried dielectric target is a
homogeneous rectangular box of arbitrary dimensions [9).
The scattering matrix for this particular target is derived
by using the Born approximation for a low dielectric con-
trast.

The organization of this paper is as follows: In Section
II we review the plane-wave scattering-matrix theory for
the detection application [7] and obtain an approximate
expression for the received signal as a function of detector
position. In Section III we derive the required plane-wave
transmitting and receiving characteristics for the UHF di-
pole detector. In Section IV we carry-out the scattering-
matrix calculations and present sweep curves for the UHF
detector for various parameters. An experimental sweep
curve is also shown for a free-space environment. Con-
clusions and recommendations for further work are con-
tained in Section V.

Manuscript received July 15, 1988; revised February 10, 1989. This
work was supported by the U.S. Army Belvoir Research and Development
Center. -
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tromagnetic Fields Division, National Institute of Standards and Technol-
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1EEE Log Number 8928101.

II. PLANE-WAVE SCATTERING-MATRIX THEORY

The geometry of a detector in air and a buried scatterer
is shown in Fig. 1. The air has permittivity ¢,, the earth
has permittivity €', and the permeability is u, everywhere.
The detector can consist of either a single antenna or sep-
arate transmitting and receiving antennas, and it is located
at a height h above the earth. The scatterer is located at a
depth d and a horizontal offset P.

The general notation and the formal scattering-ma.rix
solution for the fields and the received signal are con-
tained in [7], and here we will only extract the results that
are necessary for our detector application. The column
matrices 4, and b, contain the coefficients of the upgoing
and downgoing plane waves in the region between the de-
tector and the interface. Similarly, the column matrices
b; and @ contain the coefficients of the upgoing and
downgoing plane waves in the region between the scat-
terer and the air-earth interface.

The receiving and transmitting characteristics of the de-
tector are specified by

bo = Sid; and b, = Sieap (1)

where ag and b, are coefficients of incoming and outgoing
modes at the detector feed, §,, is a row matrix represent-
ing the receiving characteristics of the detector, and $,, is
a column matrix representing the transmitung character-
istics of the detector. Here we have assumed that the re-
flection coefficient at the detector feed and the scattering
matrix of the detector are negligible.

The scattering characteristics of the buried object are

specified by
b; = Spa; (2)

where $), is a square matrix representing the scattering
characteristics of the buried object. The results in [7] ap-
ply to general scatterers, but here we assume that the scat-
terer is homogeneous and has complex permittivity e,
which does not depart markedly from ¢’. For this case the
scattering matrix 53, has been derived using the Born ap-
proximation [9]. This weak-scattering case is applicable
to detection of plastic mines in dry soil [10].

The general solution for the received signal by in [7]
contains the effects of multiple reflections between the
scatterer and the interface. For our case of weak scatter-
ing we neglect multiple reflections, and the result in [7]
reduces to

by = SR 810a0 + S0T%2 321415 0a0- (3)

U.S. Government work not protected by U.S. copyn‘kht
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Fig. 1. Geometry for a detector over a buried dielectric object.

The first term in (3) represents reflection of the air-earth
interface and is independent of the buried scatterer. Most
detectors are designed to null out this ground-reflected
signal either by placing the receiving element at a null of
the field [8] or by using a cross-polarized receiving ele-
ment [11]. Consequently, we will assume that the first
term in (3) is zero, and the ratio ot the received to the
incident signal is

bo/ag = SoiT1285 14,80 (4)

The right side of (4) has a simple physical interpretation.
5,0 represents transmission from the detector into air,
7%, represents transmission from air into the earth, S
represents scattering from the buried object T4, repre-
sents transmission from the earth into air, and S,, repre-
sents rzception at the detector.

The square diagonal matrices 7%, and T, have diago-
nal elements of the following form for exp ( —iwt) time
dependence:

T = T2,e"’“*"“*"” and T, = leei(yh+7'd—x~r)_
(5)
Here T,, and T, are Fresnel transmission coefficients, and

the superscript indicates translation as given by the ex-
ponential factors. The transverse wavenumber K is given

by
(6)

where e, e,, and e, are unit vectors. The horizontal offset
P of the scatterer is given by

K = ke + ke,

P = P.e, + Pye,. (7)

The z components of the wavenumbers are given by
y=( -k - k)" and vy = (k? - B2 - K}/
(8)

where k2 = wlpgeg and k2 = wluge’.

Detectors are normally moved at a constant height
above the ecarth. To generate sweep curves (detector re-
sponse as a function of horizontal position) we need to
calculate by/a, from (4) for varying values of the hori-
zontal offset P. This calculation invoives multiplication
of large matrices, but fortunately $9, $5, and $*' are in-
dependent of P. Thus only 7%, and f‘.z need to be recal-
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Fig. 2. Geometry for a dipole detector over a buried dielectric box.

culated for each value of P. The numerical evaluation of
(4) will be discussed in more detail in Section IV.

III. DirOLE DETECTOR

A UHF dipole detector of particular interest in detec-
tion of buried objects at shallow depths is shown in Fig.
2. The transmitt.ng antenna consists of two x-directed di-
poles of length L fed in opposition and separated by a
distance s. The x-directed receiving dipole of length L is
located at the center of the detector (y = z = 0) which
is in the null of the transmitting antenna. Thus the detec-
tor will respond to inhomogenieties that are asymmetrical
with respect to the xz plane, but not to a homogeneous or
horizontally stratified earth.

A. Transmitting Antenna

The transmitting antenna has been analyzed previously
[8] for a sinusoidal current assumption. It would be pos-
sible to solve for the current distribution on a pair of wires
over the ground by the method of moments [12], but the
classical sinusoidal currc.it approximation [13] is ade-
quate for our detector calculations. A major advantage of
the sinusoidal current assumption is that it allows us to
obtain an analytical expression for the transmission ma-
trix Slo.

The coefficients of the outgoing plane waves b, (m, K )
are given by [8, eq. (6)]. For linear antennas it is more
convenient to normalize the transmission matrix to the in-
put current ; rather than a mode coefficient ag as indicated
in Fig. 1. Thus we can define the elements $,,(m, K) of
the transmission matrix $,, as

Sio(m, K) = b, (m, K)/I (9)

where b; (m, K) is given by [8, eq. (6)]. In (9), m takes
on values of 1 for transverse magnetic (TM) polarization,
and values of 2 for transverse electric (TE) polarization.
The transverse wavenumbers k, and X, in K take on real
values from —oo to .

B. Receiving Antenna

We assume that the receiving dipole also has a sinu-
soidal current [13]:

sin {k[(L/2) - |x]]}
&)=z

|x] < L/2. (10)
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For an incident field E', the open-circuit received voltage

V, can be determined from * = induced EMF method [13]:
L/2 ‘
V= - S—le e,  E |y”_01(x) dx. (11)

To determine the elements Sq, (m, K) of the receiving
matrix Sy, we let the incident field in (11) be either a TM
or a TE plane wave. Thus we have

St it (12)

. i -
ez E |yuz-0 2,.,

The transverse unit vectors «,, are [6]
«, = (k.e, + ke,)/K and x, = (ke, — k.e,)/K
(13)

where K = | K|. For linear antennas we find it more con-
venient to define the receiving matrix in terms of the re-
ceived voltage V, rather than a mode amplitude. Thus we
set S;, (m, K) = V,. If we substitute (10), (12), and (13)
into (11) and carry out the x integration, we obtain the
final result

So1 G K> ~ XK (K = k) i (kL/2)
* [cos (k,L/2) — cos (kL/2)]. (14)

When k2 = k?, (14) is indeterminate and the limiting re-
sult is

2

In (14) and (15), the x subscript on k corresponds to m =
1, and the y subscript corresponds to m = 2.

So, (1, K> = —kL/(47K). (15)

IV. NuMERICAL AND EXPERIMENTAL RESULTS

In this section we present numerical results for the ge-
ometry shown in Fig. 2. We simulate sweep curves by
varying P, while holding constant the detector height A,
the scatterer depth d, and the x offset P,. The computed
quantity is the ratio of the received voltage V, to the input

current /,:
V./lo = 8742852 1381 (16)

The result in (16) is the same as (4) except that §;, and
$\0 have been defined in terms of voltage and current as
indicated in the previous section. The quantity V, /I, is
the mutua! impedance between the transmitting antennas
and receiving antennas and has units of ohms. It is zero
in the symmetrical environment of free space or a homo-
geneous half-space, but is unbalanced by the presence of
any asymmetries.

The buried target is modeled as a rectangular box (par-
allelepiped) of dimensions 2a X 2b x 2c and complex
dielectric constant ¢,. As indicated in Fig. 2, the faces of

the box are parallel 1o the .y, yz, and xz planes. The scat-
tering matrix $;, for this target has been derived for the
low contrast case [9], and we will not reproduce the result
here. The bulk of the computing in evaluation of (16) is
the filling of $;, and the associated matrix multiplications.
$yis a square (N X N ) matrix where N is determined by
the sampling in k, and k,. If N, is the number of samples
required for k, (and k,), then N = ZNE where the 2 factor
is due to the two polarizations (TM and TE). This means
that §}, contains N° = 4 N} elements, which is typically a
very large number. Fortunately, $;, is a row matrix, $,

is a column matrix, and both niatrices contain only ZNg
elements. Also, both T, and 7%, are diagonal matrices
that contain only 2N nonzero elements. A computer pro-
gram was written 1o evaluate (16), and the convergence
was studied by varying the step size and the maximum
values of k, and k,.

The magnitude of V, /1, versus P, is shown in Figs. 3-
5 for a number of different parameters. All dimensions are
normalized to the free space wavelength A, and the actual
frequency of operation for this type of detector is typically
380 MHz, which corresponds to a wavelength of 78.9 cm.
The detector dimensions are L = s = 0.2735 A = 21.6
cm. For ground constants we choose €' /¢o = 3.5 + i0.1,
which represents fairly dry soil. For target dimensions we
choose 2a = 2b = 2¢ = 0.126 A\, which equals 10 cm.
The complex dielectric constant is ¢, /¢, = 3.0 + i0.05,
which represents a fairly low-loss material such as plastic
or wood.

In Fig. 3 we show the effect of offset distance P, on the
sweep curves. All curves have a null at P, = 0 and are
symmetrical in P, and the response falls off as P, is in-
creased. In Fig. 4 we show the effect of the scatterer depth
d on the sweep curves. Furd/\ = 0.063, the top surface
of the cube is flush with the air-earth interface. For in-
creasing d, the response decreases. In Fig. S we show the
effect of detector height s on the sweep curvez, and the
response decreases rapidly with increasing h. All of the
results in Figs. 3-5 are consistent with the scattering re-
sults in {9] and the antenna results in {8]. For soil with a
higher moisture content, both the real and imaginary parts
of ¢’ will be larger, and some results for the increased
attenuation of the transmitted field have been given in [8].

Some experimental work was performed for the UHF
detector in Fig. 2 for the same physical dimensions (L =
s = 21.6 cm). The detector suffered from lack of sensi-
tivity and an imperfect balance. However, its perfor-
mance improved somewhat when the operating frequency
was increased from 380 to 430 MHz. An experimental
curve for a spherical target in a free-space environment
(€¢'/ep = 1) is shown in Fig. 6. The sphere diameter was
9.85 cm, and the sphere material was nylon (¢,/¢p =
3.0). The height of the detector above the surface of the
sphere was 1.2 cm. Since the Bom approximation is not
valid for such a large contrast (¢,/¢’ = 3.0), we did not
attempt a direct comparison with the theory. However,
the main features of the theoretical and experimental
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Parameters: frequency = 432 MHz, ¢,/¢q = 3.0, and P, = 0.

curves are the same, and the locations of the peaks are
approximately the same (P, =~ 18 cm). The experimen-
tal curve is not quite symmetrical and the unbalance of
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the detector results in a baseline value (large | P,|) that
is not zero. The null value for P, = 0 is actually lower
than the baseline value.

V. CONCLUSIONS

We have used the plane-wave scattering-matrix for-
mulation to compute the response of a dipole detector to
a buried dielectric scatterer. The computations involve a
large number of evaluations of the scattering matrix of the
buried rectangular box, but the evaluation of Sommerfeld
integrals usually associated with antennas near an inter-
face [12] is avoided.

The numerical results in Figs. 3-5 indicate that the
sweep curves are symmetrical and have a null directly over
the buried target. Experimental results in Fig. 6 show the
same qualitative features. The results in Fig. 5 show that
the detector should be Incated as close as possible to the
earth for maximum response.

A number of extensions to this work would be useful.
The importance of muitiple reflections between the detec-
tor, the buried target, and the air-earth interface could be
studied using the complete formulation in [7]. Also, a
quantitative study of the errors caused by truncating the
range of the horizontal wavenumbers k, and k, would be
useful for further numerical work. Larger dielectric tar-
gets with higher contrast could be treated and the effects
of target resonances [14] on the frequency response could
be studied. Other antenna configurations could be ana-
Iyzed and the effect of the ground on the input impedance
could be studied as a function of antenna height [15]. A
related problem is the effect of surface roughness and vol-
ume clutter on the detector response. A more accurate ex-
perimental study of the UHF detector over various earths
and targets would also be very useful and would provide
a more complete comparison with the theory.
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APPENDIX VI.A BASIC Program to Print Out Values of Mu and Epsilon

110!Last Revision August 7, 1987 11:21

115!This program calculates the relative mu and epsilon of a

116! material from

120! S-parameter results obtained from the HP8510 network analyzer.
125!Written by Eric J. Vanzura (303) 497-5752 6/26/1987

130 GOSUB Init

135 GOSUB Load matrix

140 GOSUB Calc_rotation
145 GOSUB Calc dielectric
150 GOSUB Print results
155 GOSUB Save_ results
160 GOTO End

165!

Y70 S/ 0777077707707 7 7777777777777 777777777777 777777777777
175!

180 Init:!

185 OUTPUT KBD USING "#,K";"SCRATCH KEY"&CHRS (255) &CHRS (69)

190 DEG

195 OPTION BASE 1

200 INTEGER I,J,Use sl1l1,Datacount,Bad number

205 REAL Samplelength,Ll,L2,Rotl,Rot2,Lairline, Test

210 DIM Test$[160]

215 Datacount=201

220 Samplelength=.095 !METERS

225 Lairline=.0924

230 L2=.002

235 Ll=Lairline-Samplelength-L2

240 GOSUB Init expt

245 ALLOCATE A(Datacount,9), B(Datacount, 2),Lam0 (Datacount),

Prompt$[407], Id$[40]
250 ALLOCATE OPTION S1ll(Datacount),Sl12(Datacount),S21(Datacount),
S22 (Datacount)

255 ALLOCATE OPTION Gaml (Datacount),hGam2 (Datacount),
Gam(Datacount) ,K(Datacount) ,Lam(Datacount), T (Datacount)

260 ALLOCATE OPTION Mu(Datacount),Eps(Datacount)

265%*

270 COM /Files/ Sourcedisk$([20],Diskout$([20],Diskdrive$([20],
Filename$[10]

275 COM /Bugs/ INTEGER Bugl,Bug2,Bug3,Printer,Printer on

280 Printer=701

285 Printer on=0

290 Prty=VAL(SYSTEMS ("SYSTEM PRIORITY"))+1

295 DISP CHR$(129) ;" DO YOU WANT TO USF (S11,S21) DATA OR
(S22,S12) DATA? %;

300 DISP CHR$(128)

305 ON KEY 4 LABEL "S11,S21 DATA",Prty GOSUB Use sll1 yes

310 ON KEY 5 LABEL "S22,S12 DATA",Prty GOSUB Use sll no

315 Done=0

320 LOOP

325 EXIT IF Done

330 END LOOP

335 RETURN

340 !
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r-------------.----I-I-IIIIII-I-.----.-_‘f

355 Init_expt:!
360 Enter datacount:0UTPUT KBD USING "#,K";Datacount

365 LINPUT "ENTER number of frequencies in datafile",Test$

370 CALL Test real(Test,Test$,51.,401.,Bad _number)

375 IF Bad number THEN GOTO Enter_datacount

380 Datacount=INT (Test)

385 Enter_airline:!

390 OUTPUT KBD USING "#,K";Lairline

395 LINPUT "ENTER length of airline (meters)",Test$

400 CALL Test real(Test,Test$,.01,.5,Bad_number)

405 IF Bad number THEN GOTO Enter airline

410 Lairline=Test

415 Enter sample:!

420 OUTPUT KBD USING "#,K";Samplelength

425 LINPUT "ENTER sample length (meters)", Test$

430 CALL Test real(Test,Test$,.001,Lairline,Bad _number)

435 IF Bad_number THEN GOTO Enter_ sample

440 Samplelength=Test

445 Enter 11:!

450 OUTPUT KBD USING "#,K";Ll

455 LINPUT "ENTER distance from Port 1 interface to
sample (meters)",Test$

460 CALL Test real (Test,Test$,0.,.5,Bad _number)

465 IF Bad_number THEN GOTO Enter 11

470 Ll1=Test

475 Enter 12:!

480 OUTPUT KBD USING “#,K";L2

485 LINPUT "ENTER distance from Port 2 interface to
sample (meters)",Test$

486 CALL Test_real(Test,Test$,0.,.5,Bad_number)

490 IF Bad_number THEN GOTO Enter 12

495 L2=Test

500 RETURN

505 !

510 A ial

520 Use_sll1 yes:OFF KEY

525 Use_sll=1

530 Done=1

535 RETURN

540 !

SUS LI I IIIII00101010000101101001000010101010010111

555 Use_sl1l no:0FF KEY

560 Use_sl11=0

565 Done=1

570 RETURN

575 !

ggg : LI1177777777777777777777777777777777/77////7/77/777/7777777777777

590 Load matrix:!
595 Prompt$="8510 S-PARAMETER DATA"

600 CALL Select disk(Prompt$)
605 CALL Enterfilename ("CAT", Prompt$)
610 IF Filename$="" THEN
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615
620
625
630
635
640
645
650
655
660
665
670
675
680%*
685%*
690%*
695%*
700
705
710

715
720

725
730
735
740
745
750
755
760

765
770
775
780
785%*
790%*
795
800
805
810
815
820

825
830

835
840%*
845
846

850

CAT Diskdrive$
CALL Enterfilename("ABORT", Prompt$)

IF FilenameS$S="" THEN
BEEP
DISP "PROGRAM ABORTED"
STOP
END IF
END IF

DISP CHRS$(129) ;" GETTING DATA FROM DISK ";CHR$(128)
ASSIGN @Datapath TO Filename$&Diskdrive$

ENTER @Datapath;A(*)

ASSIGN @Datapath TO *

FOR I=1 TO Datacount

NEXT I

IF Printer on THEN PRINTER IS Printer

PRINT "FREQ S11 521 S22
sia2"v

FOR I=1 TO Datacount STEP INT(Datacount/10)
PRINT USING "2D.2D,4X,4(2(SD.3D),2X)";A(I,1),S11(1I),
S21(I),S22(I),812(1I)

NEXT I

PRINTER IS 1

RETURN

LI/17177777 7777777777777/ 77777777777777777777/7777/7/7/7/7777777

Celc rotation:!

DISP CHR$(129) ;" CALCULATING PHASE ROTATIONS L1=";L1;" ";

CHR$ (128)
FOR I=1 TO Datacount
Lam0(I)=.29979/A(I,1) !METERS

Rot1=360*L1/Lamo (I)
Rot2=360*L2/LamoO (I)

S11(I)=S11(I)*(Phasel 2)
S21(I)=S21(I)*(Phasel*Phase2)
S12(I)=S12(I)*(Phasel*Phase2)
S22(1)=S22(I)*(Phase2 2)

NEXT I
DISP " S11 AND S22 SHOULD NOW BE VERY CLOSE TO EQUAL ";
CHRS (128)
IF Printer on THEN PRINTER IS Printer
PRINT "FREQ (GHz) S11 S22
S§11-S22 ANGLE(S11-822)"
FOR I=1 TO Datacount STEP INT(Datacount/30)
NEXT I
PRINT " S11 AND S22 SHOULD NOW BE VERY CLOSE TO EQUAL ";
CHR$ (128)

PRINTER IS 1
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8ho
8¢ 0
865
870
8/5

A

[@ BRI

RETURN

880 Cd:!

885

390
8595
SCG
905
9510
915
320
325 %
930
935
340
945

950
985
960
965
970
975
980
985

990
995
1000
1005
1010
1015
1020
1025
1030
1035
1040%*
1045
1050
1055
1060
1065!
1070!
1075!
1080 P
1085
1090

1095
1100
1105

SIS LSS SIS
alc dielectric:!

DISP CHR$(129);" CALCULATING COMPLEX MU AND EPSILON ";

CHR$ (128)

FOR 1=1 TO Datacount
IF Use s11 THEN X
K(I)=(S11(I) 2-S21(I) 2+1)/(2*S11(1))
ELSE
K(I)=(S22(I) 2-812(1) 2+1)/(2*S22(I))
END IF

IF ABS(Gaml(I))<1 THEN
IF ABS(Gam2(I))<1l THEN

BEEP
DISP "GAM1(";I;") AND GAM2(";I;") ARE BOTH LESS
THAN 1 !?2"
PAUSE
ELSE
Gam(I)=Gaml (I)
END IF
ELSE
IF ABS(Gam2(I))>1 THEN
BEEP
DISP “GAM1(";I;") AND GAM2(";I:;") ARE BOTH
GREATER THAN 1 !?2"%
PAUSE
ELSE
Gam(I)=Gam2 (I)
END IF
END IF

IF Use s11 THEN
T(I)=(S11(I)+S21(I)~Gam(I))/(1-(S11(I)+S21(I))*Gam(I))
ELSE
T(I)=(S22(I)+S12(I)-Gam(I))/(1-(S22(I)+S12(I))*Gam(I))
END IF

Mu(I)=LamO(I)*(1+Gam(I))/(Lam(I)*(1-Gam(I)))
Eps(I)=LamO(I) 2/ (Lam(I) 2*Mu(I))

NEXT I

RETURN

L117177777777777/777777777/777777777/7/777777/777/7/7/7/7777/7/77777

rint results:!

Prty=VAL(SYSTEMS ("SYSTEM PRIORITY"))+1

DISP CHR$(129):" DO YOU WANT A PRINTOUT OF MU AND

EPSILON DATA? ";CHR$(128)

ON KEY 5 LABEL "PRINT TO SCREEN",Prty GOSUB Prnt to screen
ON KEY 7 LABEL "PRINT TO PRINTER" Prty GOSUB Prnt_to printer
ON KEY 6 LABEL "NO",Prty GOSUB Done_return
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1110 Done=0

1115 LOOP

1120 EXIT IF Done

1125 END LOOP

1130 OFF KEY

1135 RETURN

1140!

iigg% L1117 7777777777777777777777777777777777777777/7777777777777
1155 Prnt to screen:OFF KEY

1160 PRINTER IS 1

1165 GOSUB Prnt results

1170 RETURN

1175!

iii%f [1777777777777777777777777777777777777777777707777777777777777
1190 Prnt to printer:0OFF KEY

1195 PRINTER IS Printer

1200 GOSUB Prnt results

1205 RETURN

1210!

i;;gg JI11777777777777777777777777777777777777777777777777777777777
1225 Prnt_results:OFF KEY

1230 PRINT "Freq (GHz) Mu Epsilon"

1235 IF Printer on THEN

1240 FOR I=1 TO Datacount

1245 PRINT USING "2D.4D,2(4X,2(S3D.4D,2X))";A(I,1),
Mu(I),Eps(I)

1250 NEXT I

1255 ELSE

1260 FOR I=1 TO Datacount STEP INT(Datacount/20)

1265 PRINT USING "2D.4D,2(4X,2(S3D.4D,2X))";A(I,1),
Mu(I),Eps(I)

1270 NEXT T

1275 END IF

1280 PRINTER IS 1

1285 Done=1

1290 RETURN

1295!

igggf [11777777777777777777777777777777777777777777777777777777777
1310 Save results:!

1315 FOR I=1 TO Datacount

1320 B(I,1)=A(I,1)

1325 NEXT I

1330 Prty=VAL(SYSTEMS ("SYSTEM PRIORITY"))+1
1335 DISP "SAVE MU (PERMEABILTY) RESULTS?"

1340 ON KEY 5 LABEL "YES",Prty GOSUB Save mu
1345 ON KEY 6 LABEL "NO",Prty GOSUB Done return
1350 Done=0 N

1355 LOOoP

1360 EXIT IF Done

1365 END LOOP

1370 OFF KEY

6-(A5)




(\. /0007

1375 DISP "SAVE EPSILON (PERMITTIVITY) RESULTS?"
1380 ON KEY 5 LABEL "YES",Prty GOSUB Save_eps
1385 ON KEY 6 LABEL "NO",Prty GOSUB Done_return
1390 Done=0

1395 LOOP

1400 EXIT IF Done

1405 END LOOP

1410 OFF KEY

1415 RETURN

1420!

1:52% LI117777700 777777077777 777777777777777777/7777777/777777/777
1 !

1435 Save mu:OFF KEY

1440 Prompt$="REAL PART OF MU RESULTS"

1445 CALL Select disk(Prompt$)

1450 IF Diskdrive$="NO DISK" THEN GOTO Save_im_mu

1455 Igs=nn

1460 CALL Enter id(Id$, Prompt$)

1465 IF Id$="" THEN GOTO Save im mu

1470 CALL Enterfilename ("ABORT",Prompt$)
1475 IF Filename$="" THEN GOTO Save_im mu
1480 FOR I=1 TO Datacount

1485%

1490 NEXT I

1495 CALL Save file(B(*),Datacount,Id$)
1500 PRINT "REAL PART OF MU SAVED"

1505 Save_im _mu:!

1510 Prompt$="IMAGINARY PART OF MU RESULTS"

1515 !CALL Select disk(Prompt$)

1520 IF Diskdrive$="NO DISK" THEN GOTO Save mu_rtn
1525 1 IdS=""

1530 !CALL Enter id(Id$,Prompt$)

1535 IF I4ds%="" THEN GOTO Save _mu_rtn

1540 CALL Enterfilename ("ABORT", Prompt$)

1545 IF Filename$="" THEN GOTO Save mu rtn

1550 FOR I=1 TO Datacount

1555%*

1560 NEXT I

1565 CALL Save file(B(*),Datacount,Id$)

1570 PRINT "IMAGINARY PART OF MU SAVED"

1575 Save mu_rtn:Done=1

1580 RETURN

1585!

iggg! /1117777777777 777777777777777/777777777777777777777777777777
1600 Save_eps:OFF KEY

1605 Prompt$="REAL PART OF EPSILON RESULTS"

1610 !CALL Select disk(Prompt$)

1615 IF Diskdrive$="NO DISK" THEN GOTO Save_im_eps
1620 1I4$=""

1625 !CALL Enter_ id(Id$, Prompts)

1630 IF Id$="" THEN GOTO Save im _eps

1635 CALL Enterfilename ("ABORT",Prompt$)

1640 IF Filename$="" THEN GOTO Save_im_eps

1645 FOR I=1 TO Datacount
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1650%*

1655 NEXT I

1660 CALL Save file(B(*),Datacount, Id$)

1665 PRINT "REAL PART OF EPSILON SAVED"

1670 Save im eps:!

1675 Prompt$="IMAGINARY PART OF EPSILON RESULTS"
1680 ICALL Select disk(Prompts$)

1685 IF Diskdrive$="NO DISK" THEN GOTO Save_ep_rtn
1690 'Idg=""

1695 !CALL Enter id(Id$,Prompt$)

1700 IF I4d$="" THEN GOTO Save_ep_ rtn

1705 CALL Enterfilename ("ABORT",Prompt$)
1710 IF Filename$="" THEN GOTO Save_ep rtn
1715 FOR I=1 TO Datacount

1720%*

1725 NEXT I

1730 CALL Save file(B(*),Datacount,Id$)

1735 PRINT "IMAGINARY PART OF EPSILON SAVED"

1740 Save_ep_rtn:Done=1

1745 RETURN

1750!

i:’lzg: SI117777777777777777777/77/777777/777777/77777/7777777/7777777
1765 Done return:!

1770 Done=1

1775 RETURN

1780!

i;gg% JI1117777777777777777777777777/777777/7/777777/777/77/777/777777
1795 End:!

1796 DISP "Program finished. Have a nice day."

1800 END

1805!

1810! khkhkkkhkhkhkhkhkhhhkhkhkhkkhkhkhkhkhkhkhhkhhkhhhkrhkhrhhkhkhkhkhkhkhkhkkkhkhhkkhkhhkhkhkkikk
1815!

1820 SUB Enterf11ename(Ac$ OPTIONAL Prompt$)

1825 Enterfilename:

1830 COM /Files/ Sourcedlsks Diskout$,Diskdrive$,Filename$
1835 INTEGER I Asc11_num

1840 DIM Test$[160]

1845 SELECT NPAR

1850 CASE 1

1855 DISP " ENTER the FILE NAME ";

1860 CASE 2

1865 DISP " ENTER the FILE NAME for ";Prompt$;
1870 END SELECT

1875 SELECT Ac$

1880 CASE "“CAT"

1885 DISP " ... (ENTER alone to CAT) ":

1890 CASE "ABORT"

1895 DISP " ... (ENTER alone to ABORT) ";

1900 CASE "VALID"

1905 END SELECT

1910 LINPUT Test$

1915 Test$=TRIMS (Test$)
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1520
19525
19530
163¢
164G
1945
1950
1955
1960
1965
1970
1975
1980
1985
1990
1995
2000
2005
2010
2015
2020
2025
2030
2035
2040
2045
2050
2055
2060
2065
2070
2075

2080
2085
2090
2095
2100
2105
2110
2115
2120
2125
2130
2135
2140
2145
2150
2155
2160
2165
2170

2175
2180

IF LEN(Test$)=0 THEN
SELECT AcS
CASE "“VvVALIDM
DISP "You MUST enter the FILE NAME now."
BEEP
WAIT 1.8
GOTO Enterfilename
CASE "ABORT","CATY
GOTO Abortline
CASE ELSE
DISP "AcS=";AcS$;" in SUB Enterfilename"
BEEP
PAUSE
END SELECT
END IF
IF LEN(Test$)>10 THEN
BEEP

DISP "ERROR in NAME ENTRY--up to 10 chars, you have ";

DISP LEN(Test$):" "
WAIT 1.8
OUTPUT 2 USING "#,K,K";"24";Test$
GOTO Enterfilename
END IF
FilenameS$=Test$
FOR I=1 TO LEN(Filename$)
Ascii num=NUM(Filename$({I])
SELECT Ascii num
CASE 65 TO 90,95,97 TO 122,48 TO 57
!Allowed characters

CASE ELSE
BEEP
DISP "ERROR in NAME ENTRY--ILLEGAL CHARACTERS,
TRY AGAIN."
WAIT 1.8

OUTPUT 2 USING "#,K,K";"?2#";Filename$
GOTO Enterfilename
END SELECT
NEXT I
SUBEXIT
Abortline:Filename$=""
SUBEXIT

SUB Select_disk(OPTIONAL Prompt$)
Select disk:OFF KEY :
COM /Files/ Sourcedisk$,Diskout$,Diskdrive$,Filename$
INTEGER Prty
Prty=VAL(SYSTEMS ("SYSTEM PRIORITY"))+1
IF NPAR=1 THEN
DISP " SELECT DISK DRIVE for ";Prompt$:;" ... NO
DISK to abort. "
ELSE
DISP " SELECT DISK DRIVE .... NO DISK to abort. "

6-(A8)
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2185
2190
2195
2200
2205
2210
2215
2220
2225
2230
2235
2240
2245
2250
2255
2260
2265
2270
2275
2280
2285
2290
2295
2300
2305
2310
2315
2320
2325
2330
2335
2340
2345
2350
2355
2360
2365
2370
2375
2380
2385
2390
2395
2400
2405
2410
2415
2420
2425
2430
2435
2440
2445
2450
2455

END IF

ON
ON
ON
ON
ON
ON
IF
ON
ON

KEY 0 LABEL
KEY 1 LABEL
KEY 11,Prty
KEY 2 LABEL
KEY 3 LABEL
KEY 4 LABEL

"NO DISK",Prty GOSUB No_disk

"9133H VO "V1',Prty GOSUB Hard9133hoO
GOSUB Hard9133hl

"9133H Floppy",Prty GOSUB Floppy9133h
"9133XV Hard",Prty GOSUB Hard9133xv
"9133XV Floppy",Prty GOSUB Floppy9133x

Sys_id$[1,4]<>"S300" THEN

KEY 5 LABEL
KEY 6 LABEL

END IF

ON
ON
ON

KEY 7 LABEL
KEY 8 LABEL
KEY 9 LABEL

LOOP

EXIT IF Done

END LOOP

SUBEXIT
Left internal:Diskdrive$=":HP9153,700,0"

GOTO Diskselected
Right internal:Diskdrive$=":INTERNAL,4,0"

GOTO Diskselected
Hardg9133xv:Diskdrive$=":HP9133,700,0"

GOTO Diskselected
Floppy9133x:Diskdrive$=":HP9133,702,0"

GOTO Diskselected
Hard9133hoO:Diskdrive$=":,700,0,0"

GOTO Diskselected
Hard9133hl:Diskdrive$=":,700,0,1"

GOTO Diskselected
Floppy9133h:Diskdrive$=":,700,1"

GOTO Diskselected
Floppy9122r:Diskdrive$=":,707,1"

GOTO Diskselected
Floppy91221:Diskdrive$=":,707,0"

GOTO Diskselected
Floppy9125:Diskdrive$=":,704,0"

GOTO Diskselected
No_disk:Diskdrive$="NO DISK"
Diskselected:0OFF KEY

Done=1

RETURN

SUBEND

[ T

"LEFT Internal",Prty GOSUB Left internal
"RIGHT Internal",Prty GOSUB Right internal

"9125 Floppy",Prty GOSUB Floppy9125
"9122 Left",Prty GOSUB Floppy91221
"9122 Right",Prty GOSUB Floppy9122r

***********************************************************8

SUB Enter_id(Id$,OPTIONAL Return test$)
Enter id:!

! LAST REVISION

OPTION BASE 1
COM /Bugs/ INTEGER Bugl,Bug2,Bug3,Printer,Printer on

DIM Test$[160]
INTEGER N

30/SEPT/86
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2460
2465
2470
2475
2480
2485
2490
2495
2500
2505
2510
2515
2520
2525
2530
2535
2540
2545
2550
2555
2560
2565
2570
2575
2580
2585
2590
2595
2600
2605
2610
2615
2620
2625
2630
2635
2640
2645
2650
2655
2660
2665
2670
2675
2680
2685
2690
2695
2700
2705
2710
2715
2720
2725
2730

N=LEN (I4$)

Test$=1d$
SELECT Id$
CASE "
'OQUTPUT NOTHING
CASE ELSE
OUTPUT 2 USING "K, #";Test$
END SELECT
SELECT NPAR
CASE 1 INO Return_test$ given
DISP CHRS$(129) ;"Please ENTER a description (<= 40 chrs).";
DISP CHR$(128);
CASE ELSE
DISP CHRS$ (129) ;"Please ENTER a description (<= 40 chrs)

DISP CHR$(128);
SELECT Return test$
CASE Id$
DISP " for THIS ID";
CASE "ABORT"
DISP " CLR LN/ ENTER to ABORT."
CASE ELSE
DISP " for ";Return_test$:;
END SELECT
END SELECT
LINPUT Test$
DISP "
Test$=TRIMS (Test$)
N=LEN (Test$)
SELECT N
CASE >40
DISP "Length cof data id$ too long. You entered ";N;
DISP " characters. Try again."
BEEP
WAIT 1.5
IF NPAR=2 THEN
IF Id$<>Return_test$ THEN
OUTPUT 2 USING "#,K";Test$
END IF
END IF
GOTO Enter id
CASE =0
IF NPAR>1 THEN
IF Return_test$="ABORT" THEN
Id$=Test$ l=nn
SUBEXIT
END IF
END IF
DISP "You must ENTER SOMETHING or you'll ";
DISP "never get out of this."
BEEP 1000, .3
WAIT 1.8
GOTO Enter_id
CASE ELSE
!Everything ok
END SELECT
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2735
2740
2745
2750
2755
2760
2765
2770
2775
2780
2785
2790!
2795
2800
2805
2810
281%
2820
2825
2830
2835
2840!
2845!
2850!
2855
2860
2865
2870
2875
2880
2885
2890
2895
2900
2905
2910
2915
2920
2925
2930
2935
2940
2945
2950
2955
2960
2965
2970
2975

2980
2985
2990
2995
3000

Id$=Test$
SUBEND
1
| kdkkhkkhkhkhhkhkhkkkhkkhkhhkhhkkhkhkhkhhhhhhkhhkhhhhkhkhhhhhkdkhhkhkhdkhkhkkhkhkhkkk
|
SUB Save file(T_f(*),INTEGER Datacount, Id$)
Save file: !
COM /Files/ Sourcedisk$,Diskout$,Diskdrive$,Filename$
ON ERROR CALL Errortrap
Diskspace=INT((3500+(Datacount*16))/256)+1
CREATE BDAT Filename$&Diskdrive$,Diskspace, 256
CREATE ASCII Filename$&Diskdrive$,Diskspace*2
ASSIGN @Datapath TO Filename$&Diskdrive$
OUTPUT @Datapath;"N"
OUTPUT @Datapath;TRIMS (I4$)
OUTPUT @Dhatapath;Datacount
OUTPUT @Datapath;Datacount
OUTPUT @Datapath;T f(*)
ASSIGN @Datapath TO =*
OFF ERROR
SUBEND

khkkkkkkkkhkkhkhkhhhkhkhkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkkhkhkkhkhhkhhkhhhhkhkhkdkhkkkdkkxk

SUB Errortrap
Errortrap: !Trap disk errors here
COM /Files/ Sourcedisk$,Diskout$,Diskdrive$,Filename$
DIM File$[20],Test$[160],What$[20],AcS$[5]
BEEP 400, .6
SELECT ERRN

CASE 54
DISP "DUPLICATE FILE NAME: ";Filename$;
DISP "....PURGE old one? (Y/N)";

LINPUT What$
SELECT What$({1,1]
CASE w“wynw ' tlyll
PURGE Filename$&Diskdrive$
CASE ELSE
AcS$="VALID"
Prompt$=""
CALL Enterfilename(Ac$)
END SELECT
CASE 52,53
DISP "Improper FILE NAME --- ENTER NEW FILE NAME";
OUTPUT 2 USING "#,K,K";"?#";:Filename$
LINPUT Filename$
Filename$=TRIMS (Filename$)
CASE 56
DISP "FILE: ";Filename$;" is not on this disk,
please insert";
DISP " correct disk"
PAUSE
CASE 64

DISP "This disk is full, PLEASE insert clean disk"
PAUSE
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3005
3010
3015
3020
3025
3030
3035
3040
3045
3050
3055
3060
3065
3070
3075
3080
3085
3090
3095
3100
3105
3110
3115
3120
3125
3130
3135
3140
3145
3150
3155
3160
3165
3170
3175
3180
3185
3190
31985
3200
3205
3210
3215
3220
3225
3230
3235
3240
3245!
3250!
3255
3260
3265
3270
3275

CASE 56
DISP "DATA INPUT disk must be in drive!! ";
DISP "...CONTINUE when ready."
PAUSE

CASE 72,73,76
DISP Diskdrive$;
DISP " is not available, type correct";
DISP " unit specifier (ie. ':,707,0').'";
OUTPUT 2 USING "K, #";Diskdrive$
LINPUT Diskdrive$

CASE 80
DISP "CHECK DISK drive door!"
PAUSE

CASE ELSE
DISP ERRMS$;" 'CONTINUE' when fixed"
PAUSE

END SELECT

DISP CHRS$(12)

SUBEXIT

SUBEND

|
1 kkhkhhhhhkhhhkhkhkhkhkkdhhkhhhhhkhhkhhkhkhkhkhhkhkhkhkhkhkhkhkhkhkhkhkhhkhhkhkhkhkkkkkxkx
|

SUB Test_real (Test,Test$,Low,High, INTEGER Bad number)
Test real:!

Bad number=0

ON ERROR GOSUB Trap bad number

IF Bad number THEN RETURN

Test=VAL(TRIMS (Test$))

OFF ERROR

SELECT Test

CASE <Low
BEEP 1000,.3
DISP " Number entered is TOO LOW. ";
DISP " LOWEST allowable number is ";Low
WAIT 2.1
Bad number=1

CASE >High
BEEP 1000, .3
DISP " Number entered is TOO HIGH. ";
DISP " HIGHEST allowable number is ";High
WAIT 2.1
Bad number=1l

CASE ELSE
Bad number=0

! Number within limits
END SELECT
SUBEXIT

'////////////////////////////////////////////////////////////

Trap bad number:!

SELECT ERRN
CASE 15,32
DISP CHR$(129) ;"What you ENTERED is not a number! Try again. ";
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3280
3285
3290
3295
3300
3305
3310
3315
3320
3325
3330
3335

DISP CHRS(128)
Bad number=1
WAIT 1.7
LINpUL "Please ENTER the number you wish",Test$

CASE ELSE
DISP ERRN, ERRMS
BEEP 850, .5
Bad_number=1
PAUSE

END SELECT

RETURN

SUBEND
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Appendix VI B: Automatic Network Analyzer € and u Measurement System

The ANA approach is based on inverting the measured reflection §S,, and
transmission S, from and through a section of material filled air line.
These are then inverted to determine € and u. The analysis is straightforward
and is repeated here for convenience. We follow the notation used in
[HP Ap Note].

In cterms of the normal plane wave reflection (I') and transmission (T)

coefficients, S,, and S,, are given by

_ o2
S,y = G2 DI 6-(B1)
1 - 177
_ (- TI)T
and 521((1)) l__-W
Z - 2
v = ____0
where r A
o
and T =9 | 6-(B2)
Inverting (Bl) yields ' =K=* (K -1),

(S3,(w) - S¥(w)} + 1

25,,(w) , 6-(B3)

where K =

(S“(U)) + 821((‘))) - T

and T =
1 - (S, (w) + S, (w) T

6-(Bl)




(2) We find that /€, = (—1“;?)2 - X

Ay = (L mlyyz . )
and 7 (kod Zn(T)} y . 6-(B4)
tt {ollows that €. = (y/x)f,

h
and Be o= (xy)* .

6-(B2)
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